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Summary

Parkinson’s disease (PD) targets some dopamine (DA) neurons more than others. Sex
differences offer insights, with females more protected from DA neurodegeneration. The
mammalian vesicular glutamate transporter VGLUT2 and Drosophila ortholog dVGLUT have
been implicated as modulators of DA neuron resilience. However, the mechanisms by which
VGLUT2/dVGLUT protects DA neurons remain unknown. We discovered DA neuron dVGLUT
knockdown increased mitochondrial reactive oxygen species in a sexually dimorphic manner in
response to depolarization or paraquat-induced stress, males being especially affected. DA
neuron dVGLUT also reduced ATP biosynthetic burden during depolarization. RNA sequencing
of VGLUT" DA neurons in mice and flies identified candidate genes that we functionally screened
to further dissect VGLUT-mediated DA neuron resilience across PD models. We discovered
transcription factors modulating dVGLUT-dependent DA neuroprotection and identified dj-1p as
a regulator of sex-specific DA neuron dVGLUT expression. Overall, VGLUT protects DA neurons

from PD-associated degeneration by maintaining mitochondrial health.
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Introduction

Parkinson’s disease (PD) is an age-related neurodegenerative disorder which represents one of
the fastest growing neurologic diseases today'. Midbrain dopamine (DA) neurons are specifically
vulnerable to degeneration in PD??, though this degeneration is not uniform. DA neurons in the
ventral tegmental area (VTA) are more protected from degeneration relative to neighboring DA

)2-9

neurons in the substantia nigra pars compacta (SNc)=~. Yet, the mechanisms for these region-

specific differences in resilience remain poorly understood.

Sex differences in DA neuron resilience provide important insights for uncovering new
mechanisms of selective DA neuroprotection. PD affects more men than women and has an
earlier age of symptomatic onset for men'-'®. Moreover, while rodent PD models have traditionally
focused on males'®, in studies comparing both sexes, female rodents exhibit less SNc DA neuron
degeneration and fewer motor symptoms, similar to humans'®??. Additional clues are offered by
a distinct subpopulation of DA neurons that express the vesicular glutamate transporter 2
(VGLUT2) and co-transmit glutamate. The highest proportion of VGLUT2-expressing DA neurons
is found in the medial VTA, with a smaller population in the lateral SNc or SN pars lateralis**>? —

DAergic midbrain regions that are relatively spared in PD patients as well as in primate and rodent

PD models®"?%32 Indeed, VGLUT2-expressing (VGLUT2") DA neurons are more likely to survive

insults in preclinical PD models compared to DA neurons that do not express VGLUT2 (VGLUT2"

)®3%3_ In rodent models of acute neurotoxicant-induced DA neurodegeneration, conditional

knockout (cKO) of VGLUTZ2 in DA neurons renders these cells more vulnerable to degeneration
by 6-hydroxydopamine (6-OHDA) or 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)®33,
Such results are also consistent with recent human postmortem data showing that VGLUT2-
expressing DA neurons are more likely to survive in PD patients®. Importantly, these findings are

well-conserved across evolution since, in flies, we discovered that the Drosophila ortholog of
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VGLUT2, Drosophila VGLUT (dVGLUT), mediates sex differences in DA neuron resilience.
Diminishing dVGLUT expression in DA neurons reduces females’ greater resilience to age-related
DA neuron loss®. This is in line with evidence that females express more VGLUT2 or dVGLUT in

DA neurons compared to males — a finding conserved across flies, rodents, and humans®.

Expression of DA neuron VGLUT2 and dVGLUT is highly dynamic, particularly during
development and in response to cell stress or injury. Almost all midbrain DA neurons express
VGLUT2 during development®. However, by adulthood, most midbrain DA neurons repress or
‘turn off VGLUT2 expression®*?. In contrast, medial VTA and lateral SNc DA neurons maintain
VGLUT2 expression throughout life. Significantly, in adult rodents, VGLUT2 expression re-
emerges in surviving midbrain DA neurons in response to 6-OHDA or MPTP injury®32. Similarly,
in adult flies, DA neuron dVGLUT expression dynamically increases throughout aging, providing
DA neuroprotection®. Together, findings across flies, rodents, and humans suggest that: 1)
VGLUT (VGLUTZ2 in mammals and dVGLUT in Drosophila) expression in DA neurons represents
an adaptive compensatory response to DA neuron insults to boost DA neuron resilience and
prevent cell death; and 2) interfering with VGLUT2 expression may increase the extent and/or
rate of DA neuron degeneration in PD. Yet, this also raises significant questions concerning the
fundamental mechanisms responsible for VGLUT’s impact on DA neurons and the sex differences

associated with DA neuron resilience in PD.

Here, we used a combination of imaging, genetics, and pharmacology in the genetically tractable
Drosophila system to determine the mechanisms by which VGLUT confers resilience to PD-
related DA neuron degeneration in males and females. We used the paraquat model of PD since
paraquat is one of the most widely used pesticides globally®’, and occupational paraquat
exposure substantially increases PD risk®. Paraquat causes DA neurotoxicity by generating

reactive oxygen species (ROS) that impair mitochondrial function®***3. As in mammals, paraquat
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44-46 \which enabled us to

exposure causes selective DA neuron degeneration in the fly brain
identify conserved mechanisms of DA neuron resilience. We discovered that DA neuron dVGLUT
modulated levels of mitochondrial ROS in response to paraquat exposure, with males specifically
affected. Further, knockdown of dVGLUT in DA neurons increased ROS generation in response
to neuronal depolarization, suggesting dVGLUT modulates mitochondrial stress related to
increased ATP production. Consistent with this, we found that dVGLUT lessened ATP
biosynthetic burden in DAergic terminals during firing. These results emphasize a critical role for
DA neuron dVGLUT as a modulator of mitochondrial function. Finally, using comparative RNA
sequencing (RNAseq) approaches in mice and flies, we identified differentially expressed (DE)
genes enriched in VGLUT-expressing DA neurons that were evolutionarily conserved. A forward
genetic screen of these DE genes for resilience across several PD models revealed genes
primarily associated with mitochondrial metabolism and transcriptional regulation. Significantly,
we identified the PARK?Y ortholog, dj-14, as a novel regulator of sex-specific DA neuron dVGLUT
expression. Together, our results indicate VGLUT is a central mediator of DA neuron resilience
that protects DA neurons by maintaining mitochondrial health, and sexual dimorphism in this

mechanism of neuroprotection may explain females’ greater resilience in PD.

Results

dVGLUT-expressing DA neurons localize to distinct cell clusters

To characterize dVGLUT-dependent mechanisms of DA neuron resilience, we first identified DA
neuron populations that co-express dVGLUT throughout the adult Drosophila brain. Neurons that
co-expressed dVGLUT alongside tyrosine hydroxylase (TH; encoded by the ple gene), the rate
limiting enzyme in the production of DA, were labeled in whole wild-type fly brains via multiplex
RNAscope fluorescent in situ hybridization (Figure 1). We focused on several DA neuron clusters
including within the protocerebral anterior lateral (PAL), protocerebral anterior medial (PAM), and

subesophageal ganglion (SOG) regions in the anterior aspect of the adult fly brain. In parallel, we
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also examined the protocerebral posterior medial 1-3 (PPM1-3) and protocerebral posterior lateral
1 and 2 (PPL1, PPL2) clusters in the posterior aspect of the brain*’ (Figure 1A). We found
dVGLUT co-expression in PPM1 DA neurons, as well as in a subset of PPL1 DA neurons,
consistent with earlier findings*®. Importantly, we discovered previously undescribed populations
of TH*/dVGLUT" DA neurons in the lateral SOG and within the tritocerebrum (T1), as well as in
PPL2, including PPL2ab and PPL2c subgroups (Figure 1B). These data provide the first
comprehensive map of DA neuron dVGLUT expression, establishing four unique clusters of

TH*/dVGLUT" DA neurons in the adult fly brain.

Dynamic regulation of dVGLUT expression mediates sex-specific DA neuron resilience

To dissect dVGLUT’s roles in selective DA neuron resilience, we first determined the impacts of
different cell stressors on DA neuron dVGLUT expression in males and females. We used an
intersectional genetic luciferase reporter, which we previously validated®, to indirectly measure
changes in DA neuron dVGLUT expression (Figure 2A). We tested our intersectional dVGLUT
reporter using the paraquat model of PD**. When reduced, paraquat is specifically taken up into
DA neurons by the DA transporter (DAT) where it induces oxidative stress, eventually leading to
DA neuron degeneration**. Using this model, we asked: 1) whether DA neuron dVGLUT
expression changes in response to paraquat exposure across time, 2) if advancing age modifies
this potentially adaptive dVGLUT response, and 3) whether paraquat-induced alterations in DA

neuron dVGLUT expression are sex-specific.

Examination of vehicle-treated flies revealed that DA neuron dVGLUT expression increased with
age (p=0.0064; Figure S1A) and was significantly higher in 14d-old adult females than in males
(p=0.048; Figure 2B), confirming earlier observations®®. In contrast, sex differences in DA neuron
dVGLUT expression were absent in aged flies (60d post-eclosion, p>0.05; Figure 2C). Duration

of paraquat exposure also significantly modified DA neuron dVGLUT reporter expression. In
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younger flies, DA neuron dVGLUT expression was greater after 5d versus 3d of paraquat
exposure (p=0.047; Figure 2B). In aged flies (60d post-eclosion), we identified elevated DA
neuron dVGLUT expression even earlier compared to younger flies, with significantly increased
DA neuron dVGLUT expression following 12h of paraquat exposure (p=0.039; Figure 2C). In
parallel, we examined whether paraquat exposure also altered TH expression in dVGLUT" DA
neurons. We therefore developed an intersectional luciferase reporter to measure changes in TH
expression specifically in TH*/dVGLUT" DA neurons (Figure S1B) which we compared to a non-
intersectional reporter of global TH expression in all TH-expressing DA neurons (Figure S1C).
Besides providing an indirect measure of DA biosynthetic capacity, the global TH reporter also
offers a proxy of total DA neuron number throughout the fly brain. Validation of the non-
intersectional TH reporter demonstrated a strong luminescent signal with high signal-to-noise
compared to undriven controls (Figure S1D). Using both TH reporters, we discovered that
paraquat exposure did not alter TH expression in either TH*/dVGLUT"* DA neurons or in the larger
DA neuron population in 14d-old males and females (p>0.05; Figure S1E). However, TH
expression in aged 60d-old flies was increased in a sex-dependent manner (Figure S1F).
Paraquat exposure significantly elevated TH expression in TH*/dVGLUT" neurons of aged males
compared to females (p=0.048) with similar sex differences evident in the broader DA neuron
population (p=0.0002; Figure S1F). Notably, we found an overall decrease in global TH
expression across time of exposure (p=0.033; Figure S1F), suggesting paraquat-induced DAergic
degeneration. Finally, direct comparison of intersectional versus global TH reporters revealed that
paraquat-induced decreases in TH expression were not evident in TH*/dVGLUT" neurons but
instead were mainly driven by expression changes across the broader DA neuron population.
Together, these data suggest that DA neuron dVGLUT expression protects against paraquat-
induced diminishment of DA neuron function or DA neuron loss, as indicated by decreased TH

expression (Figure S1F).
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To probe dVGLUT’s role more directly in DA neuron vulnerability to early paraquat exposure, we
knocked down DA neuron dVGLUT expression using RNA interference (RNAi). We confirmed
RNAi-mediated dVGLUT knockdown in DA neurons via multiplex RNAscope, finding a significant
decrease (48.8-69.0%) in the percentage of TH* DA neurons that co-express dVGLUT compared
to controls (Figure 2D and Table S1), consistent with earlier work®®. Moreover, there was a 31.6-
51.4% reduction in dVGLUT mRNA grains in TH* cells compared to all control lines tested, further
validating the efficacy of RNAi-mediated dVGLUT knockdown in DA neurons (Figure 2D; Table
S1). We then examined the impact of DA neuron dVGLUT knockdown on locomotion in response
to early paraquat exposure (2d, 10mM). In males, we found a significant genotype x paraquat
interaction (p=0.006), where paraquat decreased locomotion in dVGLUT RNAi flies (p<0.001),
but not in wild-type controls (p>0.05; Figure 2E). In comparison, females did not exhibit paraquat-
induced locomotor deficits in either control or RNAI flies (p>0.05; Figure 2E). Since RNAI-
mediated knockdown does not entirely eliminate DA neuron dVGLUT expression, we posit that
the higher levels of dVGLUT expressed in adult female DA neurons compared to males provide

sufficient protection against paraquat-induced locomotor impairments.

Finally, we examined whether: 1) paraquat-induced alterations in DA-mediated behavior
translated to changes in DA neuron number, and 2) the impact of DA neuron dVGLUT knockdown
on these relationships. We focused on the three anterior DA neuron clusters in the PAL, PAM,
and SOG brain regions since differences in DA neuron resilience have been reported in these
clusters, including in Drosophila models of PD and age-related cell loss***°. We found no
significant DA neuron loss in any of the three clusters in response to 5d of paraquat exposure in
14d-old males and females (p>0.05; Figures 2F and 2G). These results suggest that at this
timepoint, DA neurons are undergoing paraquat-induced stress but have not yet undergone
degeneration, consistent with our TH reporter data. We also observed that DA neuron dVGLUT

RNAIi knockdown did not significantly alter DA neuron death at this early point in paraquat
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exposure in either sex (p>0.05; Figures 2F and 2G). Interestingly, a main effect of RNAi was
observed, where DA neuron dVGLUT RNA.: flies displayed fewer SOG DA neurons than control
flies across sexes and treatment groups (Control: 14.0+0.6, RNAi: 12.1+0.6; p=0.031), indicating
a potential developmental effect of dVGLUT RNAi on SOG DA neurons. Together, these results
demonstrate that, as in mammalian PD models and clinical PD, dVGLUT confers protection to
DA neurons in Drosophila. More specifically, loss of DA neuron dVGLUT expression renders
males more vulnerable to DAergic insults, including paraquat in addition to aging®. The early time
periods of paraquat exposure that we examined (<5d) when DA neurons are stressed but still
intact suggest dVGLUT-dependent mechanisms of neuroprotection occur during critical windows

of vulnerability prior to later irreversible loss of DA neurons.

DA neuron dVGLUT modulates sex differences in mitochondrial oxidative stress

Paraquat damages DA neurons through redox cycling®. This generates ROS that boosts
oxidative stress, causing mitochondrial dysfunction and ultimately DA neuron loss*'. Critically,
mitochondrial ROS-mediated stress is a key aspect of PD pathogenesis®'*2. We therefore
hypothesized that dVGLUT mediates DA neuron resilience by moderating mitochondrial oxidative
stress in response to paraquat. To test this, we employed the MitoTimer ROS biosensor, a
mitochondrial matrix-localized dsRed mutant that shifts fluorescence from green to red when
oxidized. Thus, measuring the red:green fluorescence ratio (red:green ratio) in DA neurons within
whole living fly brains enables MitoTimer to serve as an in vivo reporter of accumulating ROS
during mitochondrial stress®**. We imaged TH-driven MitoTimer in DAergic projections to the
SOG, which are known to originate from PPM1 DA neurons® and local SOG DA neurons®*®’ —
two DA neuron clusters that are majority dVGLUT" (Figure 1). For comparison, we also imaged

DAergic projections to the ellipsoid body (EB) and fan-shaped body (FSB). These central complex

structures are innervated mainly by dVGLUT-PPM3 DA neurons*’ (Figure 1) and play key roles
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in DA-mediated navigation and goal-oriented behaviors, resembling the functions played by the

%861 Control flies co-expressing either Luciferase or LexA RNAI

mammalian basal ganglia
alongside MitoTimer in DA neurons showed strong regional differences in baseline MitoTimer
red:green ratio. Indeed, the mainly dVGLUT" DAergic projections to the SOG possessed a lower
red:green ratio compared to the dVGLUT™ DA neuron projections to the EB (p<0.001) and FSB
(p<0.001; Figures S2A and S2B). This finding therefore correlated DA neuron dVGLUT
expression with lower mitochondrial ROS in DAergic projections. Importantly, control females
possessed a lower baseline red:green ratio than males across all regions (p=0.0071; Figures S2A
and S2B), suggesting less mitochondrial ROS in female flies at baseline. When we exposed
control flies to paraquat (5d, 10mM), we found a significant increase in MitoTimer red:green ratio

in DAergic projections to the FSB across sexes (p=0.038), but no change was found in the SOG

or EB (p>0.05; Figures S2C and S2D).

We next examined the impact of DA neuron dVGLUT knockdown on accumulation of
mitochondrial ROS in DAergic projections in response to paraquat exposure (5d, 10mM).
Projections to the SOG and EB regions did not show paraquat-induced changes in MitoTimer
signal in either males or females (p>0.05; Figures S3A and S3B). In contrast, there was a
significant paraquat-induced increase in the MitoTimer red:green ratio in DAergic projections to
the FSB of male TH-driven dVGLUT RNA.i flies that was absent in females (p=0.0049; Figures 3A
and 3B). Since changes in the MitoTimer red:green ratio may also be attributed to differences in
mitochondrial turnover, we confirmed our results were the product of elevated mitochondrial ROS
by exposing flies to hydrogen peroxide (H20.), another agent that induces mitochondrial oxidative
stress via free radical formation®2%. In response to H,O. exposure (3%, 2d), we similarly observed
a significant increase in the MitoTimer red:green ratio in DAergic projections to the FSB in male

dVGLUT RNAI flies (p<0.001; Figures S3C, S3D), replicating our paraquat findings. As with
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paraquat, females remained protected even when dVGLUT was knocked down in DA neurons

(p>0.05; Figures S3C and S3D).

We additionally determined if a chronic stressor like aging also leads to dVGLUT-mediated DA
neuron resilience to mitochondrial oxidative stress/ROS. There was a significant interaction
between brain region and age (p<0.001) on the MitoTimer red:green ratio (Figure S4A and S4B).
DAergic projections to the SOG were more protected from age-related mitochondrial oxidative
stress versus projections to the EB and FSB (Figures S4C), suggesting dVGLUT-expressing
DAergic projections are resilient to age-associated mitochondrial ROS accumulation. However,
we found no significant effects of sex or DA neuron dVGLUT RNAI (p>0.05). This suggests
different and/or additional compensatory neuroprotective mechanisms capable of handling the
chronic accumulation of mitochondrial ROS across aging compared to acute oxidative stress in

response to paraquat.

Finally, we aimed to attenuate paraquat- and H.O,-specific increases in DA neuron mitochondrial
oxidation by co-treating flies with the antioxidant 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPOL), a ROS metabolizer®*. Exposing flies to TEMPOL (3mM, 5d) significantly lowered the
MitoTimer red:green ratio in DA neurons across all sampled brain regions in control flies
(p=0.0066; Figures S4D and S4E). Importantly, 3mM TEMPOL almost completely reversed the
~20% increase in MitoTimer red:green ratio induced by paraquat or H20; in the FSB of male DA
neuron dVGLUT RNAI flies, bringing the ratio back to levels observed with vehicle (Paraquat:
p=0.038; Figures 3C and 3D; H202: p=0.0024, Figure S4F). In all, these findings demonstrate that
1) DA neuron dVGLUT expression is associated with baseline differences in mitochondrial ROS
in DAergic projections, and 2) dVGLUT mediates male DA neuron vulnerability to PD-associated

mitochondrial oxidative stress that occurs prior to DA neuron degeneration.
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dVGLUT modulates activity-driven intracellular ATP and mitochondrial ROS generation
during DA neuron depolarization

Mitochondrial ROS is an intrinsic by-product of mitochondrial ATP synthesis, and increased ROS
generation is observed during metabolically demanding states like neuronal depolarization®®.
We therefore hypothesized that dVGLUT expression impacts mitochondrial ROS levels in DA
neurons via modulation of activity-driven mitochondrial ATP production. To test this, we examined
the impact of DA neuron dVGLUT knockdown on activity-dependent ATP production in DA
neurons via iIATPSNnFR, a genetically encoded fluorescent reporter of cytosolic ATP®"%. Both
male and female dVGLUT RNA.: flies exhibited significant increases in iATPSnFR fluorescence
(IATPSnFr peak AF/F;) within DAergic projections to the SOG in response to potassium chloride
(KCI)-induced depolarization (p=0.024; Figures 4A, 4B and S5A). These data indicate a role for
DA neuron dVGLUT in modulating activity-dependent biosynthesis and/or accumulation of
intracellular ATP. There was no significant effect of dVGLUT RNAI on activity-driven iATPSnFR
fluorescence changes in the EB or FSB (p>0.05; Figures S5B and S5C). Interestingly, regional
differences in IATPSnFR signal for each genotype/sex group were strongly correlated to baseline
MitoTimer red:green ratio in the same DAergic projections (r?=0.998, p=0.034; Figure 4C), further
suggesting a relationship between activity-driven ATP synthesis and mitochondrial ROS

generation.

We next examined the impact of KCl-induced depolarization on dVGLUT-mediated DA neuron
mitochondrial ROS in our ex vivo whole brain preparations. DA neuron dVGLUT RNAI
dramatically increased MitoTimer red:green ratio during depolarization in the SOG (p<0.001), EB
(p<0.001), and FSB (p<0.001; Figures 4D and 4E). In contrast, there was no discernable effect
of KCI in controls across all assayed brain regions (p>0.05). Interestingly, we also observed a
rapid return to baseline within ~9 min of KCI treatment in the DA neuron dVGLUT RNAI flies,

suggesting that mitochondrial ROS could still be cleared in the DA neurons, albeit in a diminished
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or altered manner in response to decreased dVGLUT expression (Figure 4E). Together, our
findings demonstrate a novel role for dVGLUT in DA neuron resilience by mediating mitochondrial
oxidative stress. We propose a model where dVGLUT decreases DA neuron mitochondrial ROS
production either during heightened cell activity that places greater stress on the mitochondrial
machinery of ATP generation (i.e., respiratory complexes) or following exposure to mitochondrial

stressors like paraquat and H20: (Figure 4F).

RNAseq reveals differentially expressed genes in VGLUT-expressing DA neurons
conserved across flies and mice

To further dissect the mechanisms by which VGLUT confers resilience to DA neurons, we
identified genes that are differentially expressed (DE) in TH*/VGLUT" DA neurons relative to
VGLUT- DA neurons. Since VGLUT’s neuroprotective properties are shared between Drosophila
and mammals, we employed a comparative approach to identify conserved DE genes in VGLUT-
expressing DA neurons. In flies, we analyzed our recent 10x single-cell RNA sequencing
(scRNAseq) of the fly DA system in adult males and females®. scRNAseq identified a total pool
of 2,642 monoaminergic neurons that express the Drosophila ortholog of the vesicular
monoamine transporter (dVMAT). Among dVMAT" cells, we found 1,727 DA neurons based on
co-expression of the dopamine transporter (DAT) (Figure 5A). Annotation of dVMAT'/DAT*/TH*
DA neurons via Uniform Manifold Approximation and Projection (UMAP) plots revealed multiple
subclusters of dVGLUT" DAergic cells, consistent with RNAscope findings described above

(Figure 1) and previously*®.

DE gene analyses showed 160 genes were significantly upregulated in dVGLUT® DA neurons
[log2 fold change (FC)>0.25, -log1o(P)>2] and 263 genes that were downregulated [log.FC<-0.25,
-log+o(P)>2] in dVGLUT" DA neurons (Figure 5B and Table S2). Gene ontology (GO) pathway

analysis revealed that the top gene categories associated with DE genes in dVGLUT® DA neurons
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were development/gene transcription, synaptic neurotransmission, and mitochondrial
metabolism/ATP biosynthesis (Figure 5C). Upregulated genes included several encoding
transcription factors implicated in nervous system development and patterning such as mirror
(mirr), ventral veins lacking (vvl), Sox21b, and shaven (sv). Other upregulated genes were
implicated in synapse development and remodeling like the Wnt receptor frizzled 2 (fz2), or in
neurotransmission such as the a2 octopamine receptor (Octa2R). Significantly, many of the
genes downregulated in dVGLUT" DA neurons were associated with mitochondrial function and
ATP production such as mt:ND1 and bellwether (blw). Interestingly, the machinery of DA
biosynthesis and packaging was also downregulated in dVGLUT" DA neurons compared to
dVGLUT" DA neurons, including TH (ple), dVMAT, and DAT (Figure 5B). Since dVGLUT" DA
neurons possess enhanced activity-dependent vesicular DA loading and release’®, decreased
expression of DA biosynthesis/packaging and bioenergetics may represent a homeostatic
response to prevent over-secretion of DA as well as to mitigate DA-driven ROS generation during
periods of heightened activity. Moreover, we found greater upregulation of synaptic transmission
pathway genes in male flies and stronger downregulation of oxidative phosphorylation pathway
genes in females (Figure S6A). Based on our data connecting mitochondrial genes and function
to dVGLUT* DA neurons, we conducted additional analyses using MitoCarta’' to identify
mitochondria-specific pathways. We found that genes involved in oxidative phosphorylation and
mitochondrial respiratory complex | were significantly downregulated in dVGLUT" DA neurons,
and this downregulation was stronger in females (Figures S6B and S6C). These results suggest
that dVGLUT" DA neurons demonstrate a distinct transcriptional profile compared to dVGLUT"
DA neurons, including downregulated expression of genes implicated in mitochondrial function
and ATP synthesis, mirroring the decreased mitochondrial ROS accumulation and ATP

production observed in dVGLUT* DAergic projections in the SOG.
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To translate our Drosophila RNAseq findings to mammals, we employed an intersectional genetic
strategy to selectively label VGLUT2-expressing DA neurons (TH*/VGLUT2") in mouse midbrain
for RNAseq (see Methods). Using the INTRSECT2.0 system’?, we virally labeled TH*/VGLUT2"
cells with EYFP alongside mCherry-labeled TH*/VGLUT2 DA neurons. We developed a workflow
for accurately identifying labeled cell bodies and their projections throughout whole cleared mouse
brains imaged by ribbon scanning confocal microscopy (RSCM) (see Methods). Following
assembly and rendering of the 3D RSCM volumetric data, we aligned the whole brain volumes to
the Allen Mouse Brain Atlas (CCFV3)". Cell bodies were detected and classified using a neural
network-based approach’™; cell projections were identified following binarization’®. We found
EYFP-labelled TH*/VGLUT2" cell bodies in the medial VTA and lateral SNc. Further, we observed
local projections in the midbrain alongside projections to the striatum, consistent with recent
reports that TH*/VGLUT2" DA neurons project to the medial nucleus accumbens shell and tail of
striatum?*7, We also observed TH*/VGLUT2* DA neuron projections to the isocortex and
hippocampal formation (Figure S7, Movie S1 and Movie S2), which is also in line with previous
findings?>"®. By comparison, there were substantially more mCherry-labeled TH*/VGLUT2 cell
bodies in midbrain with extensive projections throughout striatum, hippocampus, and isocortex

(Figure S7, Movie S1 and Movie S2).

We next isolated EYFP-labeled TH*/VGLUT2" neurons from midbrains of INTRSECT2.0-labeled
brains for sequencing via bulk RNAseq. To maximize the number of available cells for
comparison, we conducted bulk RNAseq of the total midbrain DAT* DA neuron population in DAT-
Cre::-TdTomato mice (see Methods). Altogether, we found 516 genes upregulated and 84 genes
downregulated in mouse VGLUT2" DA neurons compared to all DAT® DA neurons (Figure 5D
and Table S3). GO pathway analyses of the mouse RNAseq data revealed overrepresentation of
genes in TH*/VGLUT2" neurons associated with mitochondrial metabolism/ATP biosynthesis,

development/gene transcription, and autophagy/apoptosis (Figure S6D). As in the fly, VMAT2
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(encoded by the Sic18a2 gene) expression was downregulated in mouse TH*/VGLUT2" neurons
(Table S3). Mitochondria-specific pathway analysis in mouse revealed strong downregulation of
genes involved in mitochondrial function as in Drosophila (Figure S6E). This included
downregulation of respiratory complex | and oxidative phosphorylation genes (Figures S6E, Table
S3), suggesting an important role for mitochondrial function in dVGLUT/VGLUT2-associated DA
neuron resilience (Figure 5E). Further, the greater downregulation of mitochondrial gene
expression in female fly dVGLUT" DA neurons compared to males raises the question of whether
these differences contribute to or even drive VGLUT-mediated sex differences in DA neuron

resilience.

Forward genetic screens identify modulators of VGLUT-associated DA neuron resilience

We conducted a forward genetic RNAi screen in Drosophila to identify which of the DE genes
identified in our fly and mouse RNAseq data mediate sexually dimorphic DA neuron resilience.
Starting with 423 DE genes from our fly TH*/dVGLUT" neuron RNAseq dataset, we narrowed our
list to 187 gene candidates for screening (see Methods, Figure 6A and Table S4). We focused on
DE gene candidates with 1) known roles in DA neurons and/or PD, 2) the greatest expression
differences between dVGLUT" and dVGLUT" DA neurons, and 3) the strongest sex differences in
expression. We removed candidates that did not possess mammalian gene orthologs or did not
have appropriate publicly available RNAi lines (Table S4, see Methods). Finally, we included all
significant DE genes that were conserved across fly and mouse RNAseq datasets, as well as fly
orthologs of mouse transcription factors identified as upstream regulators of DE transcripts

(Figures 6A and S6F).

We established our primary screen to determine whether candidates modified locomotor
response to paraquat-induced insult in adult male and female flies (Figure 6B). We obtained RNAI

lines for all candidates from either the Bloomington Drosophila Stock Center (BDSC)/Harvard
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Transgenic RNAi Project (TRiP)’” or Vienna Drosophila Resource Center (VDRC). These lines
were crossed with TH>GALA4 flies to create DA neuron-specific candidate knockdown (Table S4).
We measured locomotion in these flies during early paraquat exposure (days 2-4) — a period when
locomotion is affected but prior to significant DA neuron loss (see Figure 2). This enabled us to

identify candidates during a critical window of DA neuron vulnerability to neurotoxicant stress.

We first validated our findings demonstrating increased vulnerability of male TH-driven dVGLUT
RNAI flies to paraquat (see Figure 2E) using the smaller sample sizes necessary for a higher-
throughput screen. We found that ~16 flies/group/sex were sufficient to detect increased
locomotor vulnerability to paraquat (Figure S8A). We also confirmed greater locomotor
vulnerability in male control flies to paraquat compared to females (Figures 6B, S8B). In response
to TH-driven RNAI of the 187 candidates, 11 lines were lethal or had significant lifespan deficits
(e.g., Vha26, mamo), precluding further analysis (Table S4). We found a normal distribution of
paraquat’s effects on locomotion among the remaining candidates, including some candidates
which exhibited greater decreases in locomotion compared to either control or dVGLUT RNAI
lines (Figure 6B, Table S5). Importantly, we discovered that DA neuron knockdown of dj-74 and
Tom20 produced some of the strongest paraquat-induced locomotor impairments in both males
and females. Interestingly, the human orthologs of dj-14and Tom20, DJ-1 (PARK7) and TOM20
respectively, have documented roles in PD pathogenesis’®’°. These results validated our screen
as an effective means of identifying modulators of DA neuron vulnerability relevant to PD.
Importantly, our data provide a possible cellular locus of VGLUT* DA neurons for human PD

pathology.

To determine screen hits, we adjusted for differences in locomotion and vulnerability of female

flies attributable to the source of RNAI vector [BDSC/TRIP lines versus VDRC lines] (Figure S8C;
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see Methods). Post-correction, we selected all candidate genes that produced: 1) a significant
effect of paraquat in both males and females, or 2) a significant sex difference in percent change
in locomotion in response to paraquat (Table S5); significance was indicated by p<0.05 and a
false-discovery rate (FDR) g<0.05. We identified 18 candidates shared between males and
females (dj-14, Argk, oc, shg, Cycd, Ckllalpha-i1, ATPSynB, cype, svp, TomZ20, trh, lab, Nrt, scro,
CG42540, ATPsyndelta, Vha68-1, CG15803) (Table S5). We also discovered 14 hits with sex
differences in response to paraquat (Table S5). Knockdown of mirr, Ddr, Tsp86D, and mt:ND2
elevated male vulnerability to paraquat-induced locomotor impairment compared to females (i.e.,
greater percent decrease in locomotion caused by paraquat treatment in males compared to
females), while knockdown of ChAT, nSyb, DIl, D, ND-B12, caup, Octbeta2R, mtd, mbl, and
mt:Cyt-b induced greater female vulnerability compared to males. Consistent with the RNAseq
data, hits were associated with mitochondrial function (dj-18, Argk, ATPSynB, cype, TomZ20,
ATPsyndelta, ND-B12, mt:Cyt-b, mt:NDZ2) and transcriptional regulation/development, particularly
of the central nervous system (oc, shg, CycJ, Ckllalpha-i1, svp, trh, lab, Nrt, scro, mirr, dll, D,
caup, mbl). This was confirmed by GO pathway analysis of the combined top candidates (Figure

6C).

To validate candidates from our initial screen, we developed a secondary screen based upon the

A53T) A53T :

human a-synuclein A53T (aSyn fly PD model. TH-driven overexpression of aSyn™*" induces

pathological a-synuclein aggregation which leads to early locomotor deficits and DA

neurodegeneration®*®'. When we tested the effect of DA neuron aSyn***T

expression on age-
related decreases in locomotion, we did not see an exacerbation of age-related locomotor
degeneration in male or female controls (Figure S8D). Moreover, though dVGLUT RNAi males
were more vulnerable to age-related locomotor impairment as previously described®®, DA neuron

A53T

aSyn™°" overexpression did not exacerbate this reduction in locomotion (p>0.05; Figure S8D). In
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contrast, females co-expressing DA neuron dVGLUT RNAi and aSyn”*T displayed a significant

A53T

locomotor reduction compared to female dVGLUT RNAI flies without aSyn overexpression

(p=0.021; Figure S8D). These results suggest a sex-specific interaction between dVGLUT and

A53T

aSyn in mediating DA neuron vulnerability in females and indicate that the female DAergic

system may require more “hits” than males to become vulnerable. Further, our data demonstrate

A53T

the ability of the aSyn model to detect potential mediators of PD-related vulnerability.

For the secondary screen of the 32 top hits, we overexpressed aSyn”>*"

alongside candidate
gene RNAI in DA neurons and measured locomotion at 4-6d post-eclosion. We found 19
candidates (after correction for RNAIi source; Figure S8E) with either a significant decrease in
locomotion in both sexes or a significant sex difference in response to aSyn”>*T (Figure 6D). After
removing lines with FDR g>0.05, 13 candidates remained: Nrt, CycJ, CG15803, Argk, shg,
mt:ND2, mt:Cyt-b, Tom20, oc, DIl, mirr, Ckllalpha-i1, and trh (Table S5). Interestingly, while some
candidates have roles in mitochondrial function (mt:ND2, mt:Cyt-b, TomZ20), many have

developmental roles, serving as transcription factors in central nervous system development (oc,

DI, mirr, trh) or mediating cell adhesion in development (Shg, Nrt) (Figures 6E, S8F).

Top candidate transcription factors impact DA neuron numbers in a region- and sex-
specific manner

Based on the primary and secondary screens, we selected 6 top candidates for further testing.
We focused on oc, DI, mirr, trh, and caup, since they are transcription factors, which were
overrepresented among the screen’s top hits, and they display very distinct expression patterns
in specific DA neuron clusters (Figure 7A). We additionally selected dj-14 given its established
roles in mediating DA neuron vulnerability®?%. We discovered that TH-driven knockdown of mirr,

trh, DIl, and oc significantly impacted DA neuron numbers in region- and sex-specific manners
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(Figures 7B, 7C, Table S6); there was no significant effect of DA neuron caup or dj-1£knockdown
on DA neuron numbers (p>0.05). DA neuron-specific RNAi knockdown of either mirr or DIl
diminished DA neuron numbers in some discrete DAergic cell clusters (PPM1/2) but increased
neuron numbers in others (PAL, PPL2). Knockdown of DA neuron trh and oc also produced
region-specific decreases in DA neuron numbers (Figures 7B, 7C). Strikingly, oc knockdown
almost eliminated all DA neurons in the PPL2ab subcluster (p<0.001), indicating a critical role for
oc among PPL2 DA neurons®. Altogether, these data provide evidence that transcription factors
DE in TH*/VGLUT" neurons play important roles in the regulation of DA neuron development

and/or survival in select brain regions of adult males and females.

dj-1B modulates sex differences in DA neuron dVGLUT expression

Given the critical roles played by dj-1B in oxidative stress in PD%, and the upregulation of dVGLUT
in response to paraquat-induced stress, we examined whether dj-13 modulates DA neuron
dVGLUT expression with or without paraquat-induced oxidative stress. We performed RNAscope
of green fluorescent protein (GFP)-labeled DA neurons to quantify the impact of dj-7/4 knockdown
on dVGLUT mRNA expression in DA neurons of adult males and females. In control flies, higher
percentages of TH* DA neurons expressing dVGLUT were found in PPL1 and SOG DA neurons
compared to other DAergic clusters (p=0.0041 for main effect of region; Figures 8A, 8B).
Additionally, paraquat exposure across 10d did not significantly alter the proportion of DA neurons
expressing dVGLUT in controls (p>0.05; Table S6). Importantly, in response to TH-driven dj-14
knockdown, we observed a significant increase in the proportion of dVGLUT-expressing DA
neurons within the PPL2 of male flies (p=0.018); we observed no significant effect in other brain
regions (p>0.05; Table S6). Females were not affected (p>0.05), and the increase was eliminated
by paraquat exposure (p=0.016; Figures 8C, 8D). These results demonstrate an important

relationship between dj-1p and dVGLUT in the overall mechanisms of resilience to DA neuron
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insults. We posit that the loss of dj-1B, a key chaperone responsible for modulating mitochondrial
oxidative stress, induces compensatory dVGLUT upregulation within DA neurons, enabling

continued DA neuron survival.

Discussion

In this study, we show, for the first time, fundamental mechanisms by which VGLUT confers
selective resilience to DA neurons. We demonstrate that dVGLUT expression is dynamically
upregulated in DA neurons in response to neurotoxicant exposure or aging. We also find that
dVGLUT-expressing DA neurons display: 1) decreased mitochondrial gene expression, 2)
decreased baseline mitochondrial ROS, and 3) decreased depolarization-induced cytoplasmic
ATP levels. Consistent with this, DA neuron dVGLUT expression reduces mitochondrial ROS
during cell stress and diminishes activity-dependent increases in intracellular ATP and
mitochondrial ROS. Just as importantly, we identified sex differences, where males are more
vulnerable to dVGLUT knockdown in DA neurons, and females display higher DA neuron
dVGLUT expression along with greater mitochondrial resilience. Finally, by conducting a forward
genetic screen, we identified novel modulators of DA neuron resilience and dVGLUT expression,
particularly genes primarily associated with mitochondrial metabolism and transcriptional
regulation. Among these genes, we discovered that dj-74, a gene associated with familial early-
onset PD and PD pathogenesis, is a sex-specific regulator of DA neuron dVGLUT expression.
Collectively, our findings demonstrate new VGLUT-mediated mechanisms of DA neuron

resilience in males and females.

As in the mammalian brain, there is increasing recognition of neurotransmitter co-transmission in

Drosophila, including in neurons that co-release DA alongside glutamate® 72821 |n this study,

we comprehensively mapped dVGLUT expression throughout the fly DA system for the first time.
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We confirmed the presence of dVGLUT* DA neurons within the PPM1 and PPL1 brain regions®,
which is consistent with work showing dVGLUT protein expression in DAergic PPL1 projections
to the PPL1-y2a’1 (MB-MV1) region’. We also identified previously undescribed dVGLUT-
expressing DA neurons in the SOG and PPL2 clusters. The identification of such discrete
subpopulations of dVGLUT" DA neurons provides a unique model for the dissection of region-
and cell-specific mechanisms underlying dVGLUT-mediated resilience. Additionally, while the
adult fly brain does not possess anatomic structures identical to those found in the mammalian
midbrain (i.e., VTA and SNc), there are similarities in the organization of TH*/VGLUT"* DA neurons
between flies and mammals. In both cases, VGLUT" DA neurons are organized into several well-
defined clusters that project to regions strongly implicated in positive and negative reinforcement
as well as learning and memory’®®*%”_ We therefore posit that there may be evolutionarily
conserved mechanisms underlying the development, organization, and/or survival of VGLUT* DA

neurons.

Our intersectional genetic dVGLUT reporter revealed upregulation of DA neuron dVGLUT in
response to paraquat exposure, consistent with previously observed increases across aging®.
Significantly, we and others also described dynamic DA neuron VGLUT2 upregulation and/or
VGLUT2-associated resilience in 6-OHDA, MPTP, rotenone, and aSyn pre-formed fibril (PFF)
preclinical PD models®%33%%8_|ikewise, the proportion of surviving SNc DA neurons expressing
VGLUT2 was ~3-fold higher in male PD patients compared to control subjects®. Overall, our
results demonstrate for the first time in Drosophila PD models that dVGLUT upregulation is
neuroprotective for DA neurons, highlighting the importance of regulatory mechanisms for VGLUT

expression in DA neurons.
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Aging is the greatest risk factor for neurodegenerative disorders including PD*, and we indeed
observed stronger DA neurotoxicity of paraquat in aged flies. Importantly, dVGLUT upregulation
was observed in DA neurons of aged flies in response to paraquat exposure. Moreover, the
dVGLUT-expressing SOG DAergic projection region was resilient to age-related increases in
mitochondrial ROS. While we did not observe age-related changes in mitochondrial ROS
accumulation in SOG projections in response to dVGLUT RNAIi knockdown, this may be due to
residual dVGLUT expression exerting neuroprotective effects. Nevertheless, considering
previous findings of dVGLUT RNAI effects on age-related DA neurodegeneration®, we contend
that VGLUT functions as an important modulator of age-related mitochondrial dysfunction. Future
studies should investigate the intersection between aging, PD model vulnerability, and VGLUT-

mediated resilience.

We found significant sex differences in dVGLUT-associated DA neuron resilience. Specifically,
we found higher DA neuron dVGLUT expression in females, and female flies were more resilient
to paraquat, in line with previous work®*“*¢. These sex differences fit with both preclinical PD
models and clinical PD. PD affects more men than women and has an earlier age of onset for

men10-17

, and rodent PD model studies find less SNc DA neurodegeneration and milder motor
symptoms in females'®?'. Consistent with this, we showed decreased baseline mitochondrial
oxidation in female DAergic synapses. Indeed, previous reports show higher baseline expression
of antioxidant enzymes and associated protection from mitochondrial damage in females in
various PD models'®"%2 We therefore hypothesize that sex differences in dVGLUT-mediated
mitochondrial oxidative stress vulnerability underlie this sexual dimorphism. However, while
females were resistant to dVGLUT RNAi-induced vulnerability to paraquat, DA neuron dVGLUT

knockdown increased female vulnerability to aSyn*>*"

overexpression, highlighting that dVGLUT
mediates female resilience to some models of DA neurodegeneration®. Though the mechanisms

behind sex differences in PD are unknown, there are several potential candidates with sexually
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dimorphic expression that may interact with VGLUT to protect DA neurons in PD. In mammals,
estrogen reduces mitochondrial oxidative stress in PD models??. Conversely, the sex determining
region of the Y chromosome (SRY) is upregulated in both animal and cell PD models, and its

inhibition confers DA neuroprotection'®

. We propose that these sex-specific factors may impact
DA neuron VGLUT2 expression and resilience. Further work is needed to investigate the impacts

of estrogen and SRY in the context of VGLUT2-mediated DA neuroprotection in PD.

We found that DA neuron dVGLUT knockdown exacerbates paraquat-induced mitochondrial
oxidative stress in DAergic projection regions specifically in males. Importantly, this increase in
oxidative stress occurs at a stage of paraquat exposure that does not induce DA neuron
degeneration. This suggests that dVGLUT exerts a protective role early in the neurodegenerative
process, which is important for the creation of successful PD interventions. Relatedly, we found
that dVGLUT RNAi increases both DA neuron ATP levels and DA neuron mitochondrial oxidation
during depolarization. ATP production leads to ROS accumulation in axonal mitochondria®,
consistent with our time-course of ATP and ROS accumulation in DAergic terminals in response
to depolarization. dVGLUT may directly impact mitochondrial ATP production, which in turn
increases vulnerability to oxidative stress. Interestingly, the increased depolarization-dependent
DA neuron ROS accumulation in flies with dVGLUT knockdown was transient. Since dVGLUT
knockdown was not total, this suggests that residual dVGLUT and/or other ROS-mediating factors
may require more time to diminish activity-induced increases in DA neuron mitochondrial ROS
compared to control flies. Further, we observed a regional correlation between baseline DA
neuron mitochondrial oxidative stress and ATP during depolarization. DAergic projections to the
SOG, which contain dVGLUT" inputs from local SOG and PPM1 DA neurons®’, had the lowest
mitochondrial oxidation and ATP levels. These data are consistent with mammals, as resilient
VTA DA neurons (which have higher levels of VGLUT2 co-expression), have not only greater

resilience to PD and mitochondrial toxin models of PD, but also 1) lower mitochondrial density, 2)

25


https://doi.org/10.1101/2023.10.02.560584
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560584; this version posted July 10, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

lower baseline mitochondrial ROS, and 3) lower baseline oxidative phosphorylation/ATP
production'. However, it is important to note that other factors, like calbindin, also differ in
expression between selectively vulnerable versus resilient midbrain DA neuron subregions®'%,
We therefore posit that calbindin may additionally contribute to regional differences in

mitochondrial vulnerability to oxidative stress via its calcium buffering capacity'®®-%¢.

How might dVGLUT decrease ATP burden during depolarization in DA neurons? Recent work
has shown that VGLUT anion channel activity decreases ATP consumption by accelerating
vesicular glutamate accumulation and reducing ATP-driven H* transport'®. This may be relevant
to DA neurons given our previous work demonstrating VGLUT’s key roles in activity-dependent
synaptic vesicle pH regulation’. During depolarization, VGLUT mediates hyperacidification by
enhancing glutamate and chloride transport. Such activity-induced hyperacidification is driven by
the vesicular Vacuolar-type ATPase (V-ATPase) which consumes more ATP to transport more
H* into the vesicle lumen, lowering the vesicular pH. This intraluminal hyperacidification facilitates

t’°, since the proton gradient (ApH) provides the main driving

the tuning of vesicular DA conten
force for synaptic vesicle DA loading and retention''®. Conversely, by decreasing VGLUT
expression in DA neurons, we postulate that there is a diminished conduit for vesicular anion flux
which would force the V-ATPase to work harder to maintain vesicular pH. The resulting increase
in rates of ATP hydrolysis by the V-ATPase would elevate ATP demand and raise the overall
metabolic burden of DA neuron mitochondria. Such a scenario would explain the higher levels of

cytoplasmic ATP and mitochondrial ROS observed in response to DA neuron dVGLUT

knockdown.

We conducted scRNAseq in Drosophila and bulk RNAseq in mice to further define the
mechanisms of VGLUT-mediated DA neuron resilience. Specifically, we aimed to identify

additional genes that function in tandem with VGLUT to protect DA neurons during periods of
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stress or injury. Our comparative sequencing approaches revealed numerous DE genes
conserved across both fly and mouse VGLUT" DA neurons, suggesting that the expression
profiles of these cells are evolutionarily conserved. Notably, we further validated our fly scRNAseq
data against a recent scRNAseq study of adult Drosophila DA neuron clusters which
independently confirmed our DE genes in dVGLUT® DA neurons and the directionality of their
expression relative to dVGLUT" DAergic cells (i.e., upregulated versus downregulated genes)*.
Strikingly, in both datasets, mitochondrial genes, particularly genes implicated in respiratory
complex | function/structure and oxidative phosphorylation, were downregulated in VGLUT-
expressing DA neurons. This is in line with our findings showing the SOG, a dVGLUT-expressing
DAergic projection region, had less mitochondrial ROS and lower ATP levels during activity
compared to other regions. These measures were increased in response to DA neuron dVGLUT
knockdown, giving further credence to a mitochondrial mechanism of VGLUT-mediated DA
neuron resilience. Our data are also consistent with findings in mammalian brain showing
increased mitochondrial density in vulnerable SNc DA neurons compared to resilient (and
VGLUT2") VTA DA neurons'®. We hypothesize that diminished expression of genes associated
with mitochondrial metabolism in VGLUT" DA neurons is related to these cells’ ability to fire at
higher frequencies (>20 Hz) compared to other DAergic cells''""3. Therefore, the ability to tightly
regulate mitochondrial metabolism at the gene expression level may prevent the generation of
toxic ROS in response to elevated neuronal firing rates. Just as importantly, downregulating
mitochondrial genes during periods of stress or injury when energy demand is raised may further
shield mitochondria from oxidative stress, increasing the likelihood of cell survival. Consistent with
this, downregulation of respiratory complex | subunits confers protection against cisplatin-
mediated ROS neurotoxicity''*. Interestingly, we also discovered sex differences in expression of
genes associated with oxidative phosphorylation and mitochondrial function between male and
female flies, which aligns with evidence of sex differences in mitochondrial structure and function

between males and females'”®. Further work is clearly needed to identify the mechanisms
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responsible for these sex differences at the mitochondrial level as this may provide additional

targets for boosting DA neuron resilience.

We conducted a forward genetic screen of 187 genes identified from our RNAseq data to identify
novel modulators of dVGLUT-associated DA neuron vulnerability in paraquat and aSyn***" PD
models. Consistent with the RNAseq data, top gene hits were implicated in mitochondrial function
and transcriptional regulation. Since we sought to identify modulators of dVGLUT-associated DA
neuron vulnerability, we focused on transcription factors that may dynamically regulate dVGLUT
expression during stress. We selected transcription factors with exclusive expression in dVGLUT*
DA neuron subclusters; we avoided candidates with broader expression patterns to better isolate
effects on DA neuron vulnerability that were more likely to be dVGLUT-mediated. Importantly, 4
out of 5 of the screened transcription factors, mirr, trh, oc, and DIl, impacted DA neuron number
upon knockdown, indicating regulation of DA neuron development and/or survival. mirr is a
Drosophila ortholog of Iroquois homeobox transcription factors, which are expressed during
mouse DA neuron development''®, downregulated in rat VTA dVGLUT DA neurons'"’, and
upregulated in PD patient pluripotent stem cell-derived DA neurons''®. trh is the Drosophila
ortholog of neuronal PAS domain protein 1 (NPAS1) and NPAS3in mammals. NPAS3 expression
is downregulated in DA neurons during early stages of PD'"®, while NPAS7 represses TH
expression during development'?. DIl is an ortholog of NK-like distal-less homeobox transcription
factors closely related to Hox-like genes. In C. elegans, DIl ortholog ceh-43 controls both induction

and maintenance of terminal DAergic fate''

, while mouse DIl orthologs, DIx5/6, regulate
development and function of hypothalamic DAergic neurons'?. Finally, oc is the fly ortholog of
Otx2, which plays critical roles in mammalian DA neuron development'?. Analogous to oc’s
impact on fly PPL2 DA neurons, Otx2 is required for mammalian VTA DA neuron development'?*

126 Otx2 also shows decreased expression with age'?” and tau deficiency'®, and confers DA

neuron protection from PD models'?'2%3% |mportantly, a subtype of VGLUT2" DA neurons in the
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medial VTA expresses Otx2?. Based on these findings, we hypothesize that dVGLUT/VGLUT2
and oc/Otx2 are likely expressed together during development and work together to protect VTA
DA neurons from PD. The precise relationship between oc and dVGLUT in DA neuron

development will be tested in future studies.

In parallel to our transcription factor studies, we found that in the PPL2 DA neuron cluster, TH-
driven knockdown of dj-14 increased DA neuron dVGLUT expression, and this effect was
especially evident in male flies. Similar to our observations with dVGLUT, DJ-1 (PARK?), the
mammalian ortholog of dj-74, mediates paraquat’s effect on mitochondrial oxidative stress™' as
well as on respiratory complex | activity®®. This observation raises the question: how does DJ-1
impact DA neuron dVGLUT expression? DJ-1 is a molecular chaperone that modulates

132,133, and

aggregation of proteins associated with neurodegeneration, including aSyn and tau
loss-of-function mutations are associated with early-onset familial PD"®"'**, Likewise, loss of DJ-1
in fies and mammals leads to mitochondrial stress and dysfunction while elevating ROS
generation'"13%13¢ e therefore speculate that the loss of DA neuron dj-7 expression induces
mitochondrial oxidative stress, which triggers dVGLUT upregulation as part of a compensatory
neuroprotective mechanism. At present, we cannot rule out that dj-74 directly impacts dVGLUT
transcription, since DJ-1 additionally functions as a regulator of gene transcription, including of
inflammatory cytokines to reduce neuroinflammation in DA neurons'. It is therefore possible that

dj-1/induced transcriptional modulation may also impact dVGLUT transcription either directly or

indirectly.

Based on our findings, we present multiple lines of evidence demonstrating a mitochondrial

mechanism of dVGLUT-mediated DA neuron resilience (Figure 8E). In DA neurons expressing

dVGLUT, mitochondrial gene expression is downregulated, and this expression is lower in

29


https://doi.org/10.1101/2023.10.02.560584
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560584; this version posted July 10, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

females, which correlates with increased DA neuron dVGLUT expression in females. This
decreased mitochondrial gene expression in dVGLUT-expressing DA neurons is associated with
lower ATP levels during depolarization, lower baseline mitochondrial ROS, and greater female
resilience to paraquat-induced mitochondrial ROS. We show that dVGLUT protects DA neurons
by directly impacting baseline ATP production during depolarization and depolarization- and toxin-
induced mitochondrial ROS accumulation. Further, DA neuron dVGLUT expression is increased
in response to dj-14 knockdown. This may occur to compensate for ROS accumulation that is

observed in DJ-1 depletion models'®

and thus explain why VGLUT2 expression is associated
with DA neuron survival in human PD patients®®>. We identified transcription factors DE in
dVGLUT-expressing DA neurons that mediate DA neuron development and differentiation. The
combination of these genes and dVGLUT may explain differences in mitochondrial gene
expression and vulnerability between DA neuron subtypes. Finally, the capacity of VGLUT-
expressing DA neurons to handle glutamate may offer additional neuroprotection by enhancing
glutathione biosynthesis'*® and reducing cytoplasmic DA oxidation'. Together, we demonstrate
a comprehensive mechanism whereby dVGLUT protects DA neurons from the paraquat model of
PD by decreasing mitochondrial ATP and ROS production, thereby improving mitochondrial

health. Ultimately, manipulating VGLUT2 may offer a novel, effective therapeutic target in PD for

both men and women.

Methods

Drug treatments

All drugs were purchased from Sigma-Aldrich (St. Louis, MO). Drugs were diluted to their final
respective concentrations in molten cornmeal-molasses media: paraquat dichloride (10mM),
hydrogen peroxide (H202, 3%), 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL; 3mM).
Food containing drug or vehicle controls were then poured into standard fly vials and given 1 hour

(h) to solidify prior to addition of flies.
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Drosophila studies

Drosophila strains

All Drosophila melanogaster strains were maintained on standard cornmeal-molasses media at
24°C, 60-70% humidity under a 12h light:12h dark cycle in humidity- and temperature-controlled
incubators. Unless otherwise noted, fly stocks were obtained from the Bloomington Drosophila
Stock Center (BDSC). Expression drivers included TH>GAL4'° (gift of Dr. Serge Birman,
Université Aix-Marseille, Marseille, France), TH>LexA'™', dVGIlut>GAL4 (BDSC #60312), and
dVGlut>LexA (BDSC #84442)'2'43  For RNAi-mediated dVGLUT knockdown, we employed
UAS>Vglut-RNAI"™S (abbreviated dVGLUT-RNAI, BDSC #40845)% 77144145 Controls included the
wild-type w'''® strain (BDSC #5905), TH>GAL4/w'""® (TH driver-only), UAS>dVGLUT-RNAi/w'""®
(undriven dVGLUT RNAI) to control for genetic background, vector, and insertion site. We also
employed TH-driven expression of UAS>Luciferase (BDSC #35788) and UAS>LexA-RNAI
(BDSC #67946)"" as controls in RNAi knockdown studies. For imaging experiments, DA neurons
were labeled with green fluorescent protein (GFP) by recombining TH>GAL4 with
20xUAS>6xGFP (abbreviated as UAS>GFP; BDSC #52262)'*°. Reporter lines included
UAS>MitoTimer (BDSC #57323) to measure mitochondrial oxidative stress and UAS>IATPSnFr
(gift of Drs. Kevin Mann and Thomas Clandinin, Stanford University)®®, a sensor of cytosolic ATP.

We used UAS>aSyn”*T (BDSC #8148) for GAL4-driven expression of the A53T mutant form of

human a-synuclein (aSyn”>T)

. For intersectional luciferase reporters of DA neuron dVGLUT or
TH expression, we employed LexAop>B3 recombinase (LexAop>B3R) and UAS>B3RT-STOP-
B3RT-Luciferase strains as described previously®*. A complete list of the RNAI lines used for

forward genetic screening is provided in Table S4.

Multiplex fluorescent in situ hybridization
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Multiplex RNAscope-based fluorescent in situ hybridization in Drosophila brain was performed as
previously described'’. Briefly, adult central brains were rapidly dissected from male and female
flies at 14 days (d) post-eclosion in ice-cold Schneider’'s insect medium and fixed in 2%
paraformaldehyde (in PBS, 25°C). Following washes in PBS with 0.5% Triton X-100 (PBST),
brains were dehydrated in a graded series of ethanol dilutions and shaken in 100% ethanol (4°C,
overnight). Brains were subsequently rehydrated with a series of ethanol solutions and incubated
with 5% acetic acid (4°C) to enhance probe penetration. Following PBST washes, brains were
fixed again in 2% paraformaldehyde (in PBS, 25°C) and placed into 1% NaBH. (4°C). After a final
PBST wash, brains were transferred onto Superfrost Plus slides (Thermo Fisher Scientific,
Waltham, MA) and air-dried. Multiplex fluorescent in situ hybridization via RNAscope was
subsequently performed according to manufacturer’s instructions (Advanced Cell Diagnostics,
Hayward, CA) to detect mRNA expression of TH (ple gene, Cat. No. 536401-C2) and dVGLUT
(vglut gene, Cat. No. 424011). Briefly, samples underwent: 1) protease treatment, 2) probe
hybridization (2h, 40°C), and 3) probe amplification (40°C). Samples were then counterstained
with DAPI and coverslipped; DAPI counterstain was excluded for GFP-labeled brains. dVGLUT
and TH mRNAs were detected with fluorescent Alexa 488 and Atto 550 dyes, respectively;

alternatively, Atto 550 labeled dVGLUT mRNA in GFP-labeled brains.

Confocal microscopy of Drosophila brain fluorescent in situ hybridization

Images were acquired with an Olympus 1X81 inverted microscope equipped with an Olympus
spinning disk confocal unit (Olympus, Center Valley, PA), a Hamamatsu EM-CCD digital camera
(Hamamatsu, Bridgewater, NJ) and a high-precision BioPrecision2 XYZ motorized stage with
linear XYZ encoders (Ludl Electronic Products Ltd, Hawthorne, NJ). A 20x (0.8 NA) air objective
(Olympus) was employed for manual quantification of GFP-labeled DA neuron numbers and
dVGLUT mRNA expression in candidate RNAI lines. A 60x (1.4 NA) SC oil immersion objective

(Olympus) was used for quantification of RNAi-mediated dVGLUT knockdown at randomly
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selected image sites across the fly brain. For these 60x images, image sites were systematically
and randomly selected across the extent of each Drosophila brain using a grid of 100um? frames
spaced by 200um. 3D z-stacks were acquired in all imaging studies: 2048x2048 pixels for 20x
images, and 1024x1024 pixels for 60x images; 0.2um z-steps). Z-stacks were collected using
optimal exposure settings (i.e., those that yielded the greatest dynamic range with no saturated
pixels), with differences in exposures normalized during image processing. Image collection was
controlled by Slidebook 6.0 (Intelligent Imaging Innovations, Inc., Denver, CO). Analyses were

conducted while blinded to genotype, sex, and treatment conditions.

Confocal image analysis

Imaging data was initially analyzed via Slidebook and Matlab (MathWorks, Natick, MA) software.
First, a Gaussian channel was made for each channel to quantify mRNA expression by calculating
a difference of Gaussians using sigma values of 0.7 and 2. Then, 3D image stacks were separated
every 20 images (summed to 4um in the z-axis). Intensity values were averaged within each
Gaussian channel in every image set to create 2D projection images of DAPI-stained nuclei (60x
images) or GFP-labeled cells (20x images) alongside RNAscope-labeled TH and dVGLUT mRNA
grains. To quantify mRNA expression within the respective TH and dVGLUT channels, 2D
projection images were separated into quantitative TIFF files of each Gaussian channel and
imported into the HALO image analysis platform (version 3.5, Indica Labs, Albuquerque, NM)
equipped with a fluorescent in situ hybridization module. DAPI- or GFP-labeled cells and
fluorescently-labeled mRNA grains from the dVGLUT and TH channels were quantified via HALO
software based on the following thresholding criteria: any object 5-50pum?for DAPI, 50-300um? for
GFP, and 0.03-0.15um? for TH and dVGLUT mRNA grains. To determine the minimum number
of mMRNA grains associated with a DAPI-stained nucleus or GFP-labeled cell to be considered

positive, we tested different thresholds of mMRNA grain numbers above background levels (i.e.,
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the number of mRNA grains expressed in a typical cell volume). For 60x DAPI-stained images,
thresholds of 3 TH mRNA grains and 8 dVGLUT mRNA grains were selected for quantifying
positive cells; for 20x GFP-labeled images, 4 dVGLUT mRNA grains were selected as the
threshold. All mMRNA grains within 1um of DAPI-stained nuclei were assigned to the respective
cell; the 1um border was reduced whenever necessary to prevent overlap between neighboring
cells. TH and dVGLUT expression was quantified either as percent of all TH* cells that were
dVGLUT", or as the average number of dVGLUT grains/TH" cell. Experimenters were blinded to

sex, genotype, and treatment until analyses were completed.

Intersectional luciferase reporter assays

Construction of TH'/dVGLUT" intersectional luciferase reporters. To measure changes in DA
neuron dVGLUT expression, we assembled an intersectional genetic luciferase reporter:
dVGLUT>GAL4/LexOP>B3R;TH>lexAop/UAS>B3RT-STOP-B3RT-Luciferase. Changes in TH
expression specific to dVGLUT-expressing DA neurons were measured using a similarly
constructed luciferase reporter: dVGLUT>LexA/lexAOP>B3R;TH>GAL4/UAS>B3RT-STOP-
B3RT-Luciferase. For both intersectional reporter lines, B3R-mediated excision results in
luciferase expression under the control of either dVGLUT or TH promoters specifically in
TH*/dVGLUT" neurons. We additionally generated TH>GAL4/UAS>Luciferase flies to measure

luciferase expression more broadly in all TH-expressing DA neurons.

Luciferase assay. Assays were conducted as previously described®. Briefly, adult intersectional
DA neuron dVGLUT and TH luciferase reporter flies were fed either drug- or vehicle-treated food
with brains extracted at 14d or 60d post-eclosion to analyze drug-related changes in luciferase
reporter activity. In parallel, a separate cohort was aged to 2d or 60d post-eclosion to analyze

age-related changes in the activity of the respective luciferase reporters. Brains were rapidly
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dissected from decapitated flies in PBS with additional removal of associated cuticle and
connective tissues; each sample comprised 5 male or 5 female fly brains. Luciferase assays were
performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI) per
manufacturer instructions. Brains were placed in passive lysis buffer and homogenized with a
pestle. Samples were then shaken at room temperature (45min, 1200rpm) and stored at -80°C
until the assay was performed (within one month of brain collection). Once thawed, sample lysates
were vortexed and diluted to ensure that luminescent signal was not oversaturated. Sample
lysates were then added into a clear F-bottom 96-well plate in triplicate followed by addition of
Luciferase Assay Reagent Il. The resulting firefly luciferase-mediated luminescence was
immediately read in a Pherastar FSX plate reader (BMG Labtech, Ortenberg, Germany). Firefly
luciferase reactions were terminated with addition of Stop & Glo reagent; the presence of a fixed
amount of Renilla luciferase in the buffer provided an internal control™®. Triplicates for each
sample were averaged, and results were reported as a luminescence ratio of firefly luciferase

luminescence divided by Renilla luciferase luminescence (LUM ratio).

Drosophila behavior

Paraquat behavior. To determine the impacts of 10mM paraquat on locomotor behavior, we used
the TriKinetics Drosophila Activity Monitoring (DAM) system (TriKinetics, Waltham, MA) as
described earlier'*®. Newly eclosed male and female flies were collected daily at fixed, regular
times to ensure precise age determination. Flies (2d post-eclosion) were transferred individually
into activity tubes containing standard cornmeal-molasses media in the presence or absence of
paraquat. Tubes were then placed into DAM2 activity monitors under a 12h light:12h dark cycle.
Flies were allowed to acclimate for 24h followed by continuous 24h activity monitoring for
movement. Locomotor activity was measured as the number of times (counts) a fly crossed the

infrared beam running through the middle of each activity tube per 24h period. Activity data from
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the flies were collected for either an individual day (day 2) or across several days (days 2-4) in
the monitors and averaged over the three days to provide a mean number of counts/24h.

A53T

aSyn**T behavior. To identify the effect of DA neuron aSyn***T expression on locomotion,

TH>GAL4 was recombined with UAS>aSyn***". Recombined TH>GAL4,aSyn"**" flies were then
crossed with candidate RNAI lines. The resulting adult offspring co-expressing the respective

RNAI alongside aSyn*%®T (

aged either 2d or 16d post-eclosion) were loaded into DAM2 activity
monitors containing vehicle food. Locomotion was then recorded during days 2-4 in the activity

monitors (days 4-6 and days 18-20 post-eclosion).

Ex vivo multiphoton Drosophila brain imaging

Dissection and microscopy. Isolated ex vivo whole adult Drosophila brain preparations were
obtained by rapid brain removal and microdissection in adult hemolymph-like saline (AHL, in mM:
108 NaCl, 5 KCl, 2 CaCly, 8.2 MgCl,, 1 NaH2PO4, 10 sucrose, 5 trehalose, 5 HEPES, 4 NaHCOs;
pH 7.4, 265 mOsm). Brains were immobilized via pinning onto slabs of thin Sylgard with fine
tungsten wire as described previously'*®'°, Brain preparations were imaged while bathed in AHL
on a Bergamo Il resonant-scanning two-photon microscope (Thorlabs, Newton, NJ) using a 20x
(1.0 NA) water immersion objective lens (Olympus) and an Insight X3 laser (Spectra-Physics Inc.,
Milpitas, CA). Less than 50mW mean power was delivered through the objective with both gain
and pockels cell settings for power modulation fixed for all imaging setups unless otherwise
stated. The tunable output of the laser was mode-locked at 920nm for imaging of GFP, iATPSnFR,
or unoxidized MitoTimer, while the fixed 1045nm output imaged oxidized MitoTimer. Fluorescent
emissions were collected using a 525/50nm full-width half-maximum (FWHM) bandpass emission
filter for GFP, unoxidized MitoTimer, and iIATPSnFr (green channel) and a 607/70nm FWHM

bandpass filter for oxidized MitoTimer (red channel). Imaging parameters were optimized to avoid
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pixel saturation. Data acquisition was performed with Thorlmage software (versions 4.0/4.1;
Thorlabs). Z-stacks of optical sections were acquired through the depth of the fly brain in 2um z-
steps with 8x frame averaging, except for IATPSnFr studies, which were collected in 3um z-steps
with no averaging. Images were 16-bit, 1024x1024 pixels (pixel size 0.64um), except for KCI
studies which were 512x512 pixels (pixel size 1.28um, 15.1 frames/s). Average z-projections of

the image stacks were generated using the Fiji/lmageJ image processing software package

(National Institutes of Health, Bethesda, MD)'*.

Multiphoton image analyses. GFP-labeled DA neuron quantitation: GFP-labeled DAergic cell
bodies were identified throughout z-stacks from brains of adult male and female flies with the
following genotypes: TH>GAL4,UAS>GFP/UAS>LexA-RNAI and
TH>GAL4,UAS>GFP/UAS>dVGLUT-RNAI. Analyses focused on DA neuron clusters across
several brain regions including the PAL, PAM, and SOG regions, as previously described®. For
DAergic cell body counts, comparable results were independently obtained from n>3 blinded
experimenters; the median of the results across reviewers was used for analysis. MitoTimer
analyses: For analysis of the MitoTimer biosensor, mean pixel fluorescence intensity from green
and red emission channels was collected in the SOG, EB, and FSB brain regions. Levels of
MitoTimer oxidation were expressed as the ratio of MitoTimer red to green fluorescence
(red:green ratio). MitoTimer-labeled DAergic projection areas were analyzed throughout z-stacks
in adult male and female flies. Genotypes tested included:
TH>GAL4,UAS>MitoTimer/UAS>dVGLUT-RNAIi, TH>GAL4,UAS>MitoTimer/UAS>Luciferase,
and TH>GAL4,UAS>MitoTimer/UAS>LexA-RNAi. Effects of DA neuron depolarization on
mitochondrial ROS production were assessed by continuously perfusing brains expressing TH-
driven MitoTimer with 40mM KCI (in AHL, adjusted for ionic osmolarity). Z-stacks of red and green

channels were acquired before and during constant perfusion with AHL containing 40mM KCI.
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Mean pixel fluorescence intensity of red and green channels was quantified across timepoints.
iATPSnFR studies: iATPSnFr-labeled DAergic projection areas (SOG, EB and FSB) were
analyzed throughout brains of adult male and female flies (genotypes tested:
UAS>ATPSnFr/w'""®; TH>GAL4/UAS>dVGLUT-RNAI and
UAS>ATPSnFr/w'""®; TH>GAL4/UAS>LexA-RNAi). For studies of KCl-induced DA neuron
depolarization, z-stacks were collected before and during perfusion with AHL containing 40mM
KCI. The mean pixel fluorescent intensity value pre-KCI (Fiitiar Or F;) was subtracted from each

post-KCI timepoint (F) and then divided by F; to provide the change in iIATPSnFR fluorescence

relative to the baseline measurement: (F - F)/F;, abbreviated as AF/F;.. All multiphoton image

analyses were conducted using Fiji/lmageJ software.

Drosophila single-cell RNA sequencing

Central brains from adult male and female Drosophila were dissected as previously described'".
Single cells were encapsulated using the Chromium Single Cell 3' Reagent Kit v3 (10x Genomics,
Pleasanton, CA) according to manufacturer instructions. Barcoded mRNAs were extracted,
followed by amplification and sequencing of the cDNA libraries on an lllumina HiSeq4000 platform

(Nlumina, San Diego, CA).

Experimental data from two published'®"'*2 and two unpublished experiments were combined and
aligned to the Drosophila melanogaster reference genome (DMel6.25)'*%. Two-dimensional

reduction and clustering were performed using the Seurat v3 R package'**

. Monoaminergic cells
were extracted based on the expression levels of the Drosophila vesicular monoamine transporter
(Vmat). Extracted cells were subsequently re-clustered using parameters that were optimized for

the reduced transcriptional heterogeneity of the selected cells. Experimental- and replicate-based

variation was regressed out, resulting in equal representation of all replicates in each cell cluster.
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Candidate marker genes were plotted to identify cell clusters of interest. A subpopulation of
DA/glutamate neurons was identified based on co-expression of dVGLUT alongside DA neuron

markers (dVMAT*/TH*/DAT*/dVGLUT"). Thresholds for each gene were set manually.

Mouse studies

Animal husbandry

Animals were housed and handled in accordance with all appropriate NIH guidelines through the
University of Pittsburgh Institutional Animal Care and Use Committee. We abided by all
appropriate animal care guidelines including ARRIVE (Animal Research: Reporting of In Vivo

Experiments) guidelines for reporting animal research'®

. Mice were housed in cages with a 12h
light:12h dark cycle and had access to food and water ad libitum. All efforts were made to

ameliorate animal suffering.

Mice

7-11-wk-old male and female mice were acquired in part from The Jackson Laboratory (Bar
Harbor, ME): B6.SJL-Slc6a3™(cre)Bkmn;j (DATRESCre:  stock  #006660), Slc17a6™m2Cretowly
(VGLUT2'RESer®: stock #016963), and B6.Cg-Gt(ROSA)26Sorm(CAGdTomato)Hze) ) (AjQ tdTomato;
stock #007909). All mice were congenic with the C57BL/6J background. VGLUT2-expressing DA
neurons were labeled in double heterozygous VGLUT2RESee; TH2AIP0 myjce; construction and
validation of these mice was described previously®*?. The overall DA neuron population was

labeled in double heterozygous DAT'RES?®; Aj9 tdTomato mice.

Viral vectors and stereotaxic surgeries
VGLUT2'RESere: TH2A e myjce (14 males, 12 females) were anesthetized with isoflurane and placed
onto a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). Following disinfection with

betadine and 70% isopropyl alcohol, an incision exposed the skull for viral injections into the VTA

39


https://doi.org/10.1101/2023.10.02.560584
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560584; this version posted July 10, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

using the following stereotaxic coordinates (from bregma) that varied according to mouse weight
(9): 12-16g, -3.0mm anterior/posterior (AP), -4.1mm dorsal/ventral (DV), 0.6mm lateral (L); 17-
244g, -3.3mm AP, -4.3mm DV, 0.6mm L; >25g, -3.44mm AP, -4.5mm DV, 0.6mm L. Injections of
INTRSECT2.0 viruses were made bilaterally and included AAV8-EF1a-Cre®N,FIp°N-EYFP (1pL,
titer 5.01x10" vg/mL), in combination with either AAV8-EF1a-Cre° " FIp®N-mCherry (1uL, titer
1.30x10" vg/mL) or AAV8-EF1a-Cre® " Flp°N-oScarlet (1uL, titer 1.15x10'? vg/mL). The injection
rate was 0.1uL/min, and the needle was left in place for 5 min to minimize backflow along the
injection tract, then withdrawn. Injected mice were allowed to recover for ~5 wks post-injection to

ensure adequate AAV-mediated fluorescent label expression.

Mouse brain clearing

Brains were rapidly extracted from INTRSECT2.0 AAV-injected mice ~5 wks post-injection and
incubated overnight in 4% paraformaldehyde in PBS at 4°C. Brains were subsequently cleared
using the CUBIC approach'®'" by immersion in 50% CUBIC R1 for 1d, followed by solution
changes to 100% CUBIC R1 on days 2, 3, 7 and 10. Brains were then washed with PBS before

immersion in CUBIC R2 (No TEA) for 2d until optically clear.

Ribbon scanning confocal microscopy of mouse brain

Whole cleared INTRSECT2.0-labeled mouse brains were mounted in CUBIC R2 (No TEA) and
imaged via ribbon scanning confocal microscopy (RSCM) on a Caliber RS-G4 microscope
(Caliber 1.D., Andover, MA) as described previously'®®. The microscope was equipped with a
Nikon CFI90 20XC glycerol objective (1.0 NA), and scans were completed with a lateral pixel

resolution of 0.274um. Laser power was adjusted linearly between 15-30% for brain imaging with

volumes acquired using 10.67um z-steps.
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Whole mouse brain imaging analyses

3D RSCM volumetric data was assembled by first stitching composites using a dedicated
computational cluster. Composites were then assembled into the imaris (.ims) file format for
volumetric rendering via Imaris software (version 9.0; Bitplane AG, Zurich, Switzerland). Imaris
files were the primary source used for all downstream processing pipelines. For brain volume
registration, images first underwent contrast stretching and background removal using the
Accelerated Pixel and Object Classification plugin for napari'®®. This was followed by image
registration to the Allen Mouse Brain Common Coordinate Framework (CCFv3)"® using the
brainreg pipeline'®. Cell body detection within the 3D volumes of INTRSECT2.0-labeled brains
was conducted using cellfinder software, a constituent of the BrainGlobe package of
computational neuroanatomy tools'®'. This was followed by classification of cell candidates using
ResNet-50 neural network architecture’™ implemented in the fastAl deep learning library'®2.
Binarization was completed using the ilastik software toolkit” for annotation and training. The
inference was done on a dedicated dask cluster'®®. Soma density and percentage of neuron

projection-positive pixels were calculated based on CCFv3 structure volumes.

Data access
Imaris files of brain imaging data will be deposited in the Brain Image Library (BIL) optical
microscopy data archive and made available for public access. Links to complete volumetric

datasets used for this study will be included here once available.

Mouse brain fluorescent-activated cell sorting (FACS) and bulk RNA sequencing

Mice. Heterozygous male and female INTRSECT2.0 VGLUT2'RESee; TH?A0 mice (~5 wks post-

viral injection) and DAT'RES™®: Ai9 tdTomato were used.
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Tissue extraction and neuron dissociation. Brains were rapidly extracted and rinsed with chilled
artificial cerebrospinal fluid (ACSF). Midbrain regions (Bregma -2.88 to -3.88mm) were separated
from each brain using a stainless-steel mouse brain matrix (1mm) and single edge blades (on
ice), followed by transfer into conical tubes containing chilled ACSF for dissociation. To ensure
sufficient cDNA yield, midbrain sections were pooled, such that each sample contained 2
midbrains of the same sex (final n=7 male, 6 female INTRSECT2.0 VGLUT2'RESere: Ty2Aflpo
samples; n=2 male, 3 female DAT'RES®:AiQ tdTomato samples). Midbrain samples were
dissociated using the Miltenyi Neural Dissociation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) according to manufacturer’s instructions, in combination with a Miltenyi gentleMACS
Octo Dissociator with Heaters, Miltenyi gentleMACS C Tubes, and Miltenyi MACS SmartStrainer
(70um). After straining, cells were resuspended in DPBS supplemented with BSA for fluorescent-

activated cell sorting (FACS).

FACS cell sorting. Individual cell suspensions were sorted by the Unified Flow Core FACS facility
at the University of Pittsburgh using a BD FACSAria Il (BD Biosciences, Franklin Lakes, NJ). Cells
were sorted for viability using Ghost Dye Violet 450 (Tonbo Biosciences, San Diego, CA), by cell
size, by fluorescence: EYFP and mCherry/oScarlet (for cells from INTRSECT2.0 mice) or
tdTomato (for cells from DAT'RES®; Aj9 tdTomato mice). We ensured that we did not collect TH*
monocytes'® by specifically collecting either EYFP*/CD45/CD11b", mCherry* or oScarlet'/CD45
/ICD11b", or tdTomato*/CD45/CD11b™ cells. Antibodies for the sorting included an anti-CD45
antibody (RA3-6B2) conjugated to Alexa Fluor 647 (Thermo Fisher Scientific) as described

previously'®®

as well as an anti-CD11b antibody which was grown, purified, and conjugated to
Pacific Blue dye in the laboratory of Dr. Mark Shlomchik (University of Pittsburgh). Appropriately
labeled neurons were sorted directly into prechilled 96-well PCR plates; 2000 cells/well were

sorted in triplicate for each sample.
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Bulk RNA sequencing. RNA extractions, cDNA generation, and library preparation were
performed by the University of Pittsburgh Health Science Sequencing Core at the UPMC
Children’s Hospital of Pittsburgh. RNA was extracted using the Qiagen RNeasy Plus Micro
extraction kit (Qiagen, Redwood City, CA) following manufacturer’s instructions. RNA was
assessed for quality on an Agilent Fragment Analyzer 5300 using the High Sensitivity RNA kit
(Agilent, Santa Clara, CA). The mean RNA integrity number (RIN) for samples was 8, indicating
excellent quality for RNA sequencing. 4.5uL RNA was used from each sample for cDNA
generation using the Takara Smart-Seq v4 Ultra Low Input RNA kit (Takara Bio USA, Ann Arbor,
MI) following manufacturer’s instructions, with 15 cycles of cDNA amplification. Smart-Seq cDNA
was assessed for quality on an Agilent Fragment Analyzer 5300 using the high sensitivity NGS
kit (Agilent). All samples passed QC with full length cDNA (mean concentration of 13ng/uL;
primary peaks ~2000 bp; absence of short length cDNA with bimodal peaks including second
peak at ~300 bp). Library preparation was performed using 1ng of cDNA input with the lllumina
Nextera XT kit (lllumina) and UDI indexes (lllumina) added using 12 PCR cycles. Libraries were
assessed using an Agilent High Sensitivity NGS kit, and then normalized and pooled by
calculating the nM concentration based on the fragment size and the concentration. Prior to
sequencing, library pools were quantified by quantitative polymerase chain reaction (QPCR) on
the LightCycler 480 using the KAPA gPCR quantification kit (KAPA Biosystems, Boston, MA).
Libraries were sequenced on a NovaSeq 6000 system (lllumina) at UPMC Genome Center on an

S2 100 cycle flow cell, 2 x 50 bp, for an average of ~40 million reads/sample.

RNA sequencing analyses. FastQC (version 0.11.7) determined the per base sequence quality,
with a mean score of 36 across samples. Paired-end reads were preprocessed, and adapters and
low-quality bases were removed using trimmomatic (version 0.38). Trimmed reads were mapped

to Mus musculus Ensembl GRCm38 using HISAT2 (version 2.1.0), with a mean overall alignment
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rate of 92.32% across samples. After mapping, a total of 46,080 Ensembl transcripts (including
the EYFP and tdTomato transcripts used to label the desired respective cell populations) were
filtered to remove low expression transcripts, retaining transcripts with at least one count per
million (CPM) in half of the samples. After the filtering, 11,133 remained for DE analysis. RNAseq

data were analyzed via DESeq2'®%

using neuron type and sex as the main effects. Principal
component analysis was performed to assess sample heterogeneity and remove outliers using R
package ggplot and the R function prcomp. Two samples had a first or second principal

component outside three standard deviations of the mean and were removed from analyses.

RNA sequencing analysis across Drosophila and mice

Differential expression (DE) was assessed in Drosophila using Seurat'®”'®® and in mice using
limma'®®. Transcripts with p<0.01 (-log+o(P)>2) and log, fold change (FC) >0.25 or <-0.25 were
considered DE in dVGLUT" DA neurons compared to dVGLUT- DA neurons for Drosophila and in
INTRSECT2.0 EYFP*/VGLUT2" DA neurons compared to DAT;CreTd-Tomato’/VGLUT2 DA
neurons for mice. DE gene lists for Drosophila and mice were entered into Metascape'® and
assessed for pathway overrepresentation (Gene Ontology, Kyoto Encyclopedia of Genes and
Genomes, Reactome, WikiPathways, CORUM) with expressed transcripts as background. DE
gene lists were also compared via MitoCarta version 3.0’ to assess mitochondria-specific
pathway overrepresentation via threshold-free gene set enrichment analysis (GSEA) using R
package fgsea'", which captures cumulative evidence of pathway enrichment across the entire
gene list. Mouse DE gene sets (male and female combined analysis DE genes, DE genes from
male-only analysis, and DE genes from female-only analysis) were analyzed using
Hypergeometric Optimization of Motif Enrichment (HOMER) to predict transcription factors that
may be upstream regulators of DE transcripts; genes were analyzed for both known and de novo

motifs'2.
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Differentially expressed gene candidate selection for screening

Of the 423 DE genes in the Drosophila RNAseq dataset, we narrowed down the list of candidates
first to 224 genes by selecting the following discrete groups: 1) the top 50 upregulated genes (top
25 by magnitude expression change and top 25 by fold change), 2) the top 50 downregulated
genes, 3) the top 50 genes displaying sex differences in dVGLUT" DA neurons (top 25 genes
upregulated in males compared to females and top 25 upregulated in females) and 4) 74 genes
of interest to DA neuron function and PD. Next, these 224 genes were narrowed down to 159
after removing 36 duplicates and 22 genes without mammalian orthologs. All candidate gene and
control UAS>RNAI lines were obtained from either BDSC, Vienna Drosophila Resource Center
(VDRC), or the Shigen National Institute of Genetics (NIG-FLY) (all lines listed in Table S4). We
used only VALIUM20 vector-derived fly stocks from the Harvard Transgenic RNAi Project (TRiP)"’
or flies from the VDRC KK collection'”. 7 gene candidates did not have available RNAI lines from
the VALIUM20 or KK collections and were therefore removed. Comparisons with mouse RNAseq
data revealed 21 additional genes orthologous to Drosophila DE genes that were also upregulated
or downregulated in the mouse RNAseq dataset (Table S3), yielding a list of 180 candidate genes.
Finally, we performed Hypergeometric Optimization of Motif Enrichment (HOMER) analysis for
known and de novo motifs in the mouse RNAseq dataset and identified transcription factors that
may be upstream regulators of DE transcripts. We selected 7 transcription factors of interest,
including 2 factors whose orthologs were already found to be DE genes in the Drosophila dataset,
and added them to the list of candidates to yield a final total of 187 candidates to be screened for

vulnerability to PD models.

RNAIi screens
For RNAi screen experiments, candidate RNAI lines were crossed with TH>GAL4 to drive
candidate gene knockdown in DA neurons. In secondary and tertiary screens, RNAI lines were

crossed with recombined TH>GAL4,UAS>aSyn">*" or TH>GAL4,UAS>GFP flies to co-express
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AS3T mutant or GFP, respectively, alongside the respective candidate gene RNAi in DA

the aSyn
neurons. For all experiments utilizing drug treatments, flies were randomly assigned to vehicle or

drug treatment groups.

Primary paraquat screen. TH>GAL4-driven candidate UAS>RNAI flies (2d post-eclosion) were
placed into tubes containing either vehicle or 10mM paraquat-supplemented food. After 24h
acclimation, locomotion was monitored throughout days 2-4 of drug exposure. Locomotion of
each paraquat-exposed control and candidate RNAi line was displayed as percent of the
locomotion of each line’s vehicle-treated animals. To adjust for significant sex differences in
locomotion and vulnerability in female versus male flies attributable to the RNAi repository source,

female VDRC RNA.: fly locomotion counts were multiplied by 1.093 before analysis.

Secondary aSyn*>*" screen. TH>GAL4,UAS>uaSyn***"/UAS>RNAI candidate flies (2d post-
eclosion) were placed into tubes containing vehicle food, and locomotion of each candidate was
monitored during days 2-4 in DAM2 Drosophila activity monitors (TriKinetics) (days 4-6 post-
eclosion). Locomotion of each control and candidate RNAI line was displayed as percent of the

locomotion of each line without aSyn”%T

expression. To adjust for significant sex differences in
locomotion and vulnerability in female flies compared to males attributable to the RNAi repository

source, female VDRC RNA: fly locomotion counts were multiplied by 1.072 before analysis.

Tertiary DA neuron dVGLUT expression screen. DA neuron number and dVGLUT mRNA
expression via RNAscope were analyzed within the brains of candidate gene RNAI lines. We
analyzed GFP-labeled DA neurons in LexA, mirr, caup, trh, oc, DIl and dj-14 RNA. flies. To create
these fly strains, the recombined TH>GAL4,UAS>GFP line was crossed with each UAS>RNAI

line. dVGLUT mRNA expression in GFP-labeled DA neurons was quantified in LexA and dj-1/
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RNAI lines. Brains were dissected at 14d post-eclosion, after 10d of exposure to either vehicle or

10mM paraquat food.

Statistical analyses

Luciferase assays were analyzed via two-way analysis of variance (ANOVA) with age or treatment
and sex or reporter line as between-subjects factors. In multiplex RNAscope studies, DA neuron
dVGLUT expression differences were analyzed via one-way ANOVA. For RNAscope studies
examining the impacts of genetic screen candidates on DA neuron dVGLUT expression, three-
way ANOVA was employed with treatment, sex, and genotype as between-subjects factors. In
behavioral studies, locomotion differences were analyzed using two-way ANOVA with treatment
and genotype as between-subjects factors, or by three-way ANOVA with treatment, sex, and
genotype as between-subjects factors. GFP-labeled DA neuron counts were analyzed using
three-way ANOVA with treatment, sex, and genotype as between-subjects factors. MitoTimer
red:green ratio results were analyzed using three-way ANOVA with treatment, age, genotype, sex
and/or region as between-subjects factors. TEMPOL-treated dVGLUT-RNAIi MitoTimer data in
males were analyzed using an unpaired Student’s t-test, and KCl-treated MitoTimer results were
analyzed using a mixed effects two-way ANOVA (to accommodate inclusion of animals with
missing values) with timepoint as a within-subjects variable and genotype as a between-subjects
variable. iIATPSnFr responses were analyzed using two-way ANOVA with sex and genotype as
between-subjects factors. A two-tailed Pearson correlation coefficient between MitoTimer
red:green ratio and iIATPSnFr peak fluorescence across DAergic regions was calculated. All
significant main effects and interactions were followed up with Bonferroni post-hoc analyses,
except for RNAI screen locomotion, which was followed up via Fisher's LSD test with Benjamini,
Krieger and Yekutieli two-stage linear step-up False Discovery Rate correction (significance

defined as g<0.05). Statistical significance was defined as p<0.05, apart from RNA sequencing
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thresholding (p<0.01). Unless otherwise stated, statistical functions were completed using

GraphPad Prism (version 9.3; GraphPad Software, San Diego, CA).
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Figure 1. dVGLUT-expressing DA neurons localize to distinct cell clusters.

(A) lllustrations of DA neuron clusters in the anterior and posterior regions of the adult Drosophila
brain including: subesophageal ganglion (SOG), tritocerebrum (T1), protocerebral posterior
medial 1 (PPM1), protocerebral posterior lateral 1 (PPL1), and protocerebral posterior lateral 2
(PPL2) clusters.

(B) Representative multiplex RNAscope 4x images (left) and magnified 20x views of insets (3
right panels) of wild-type w''*® fly brains (14d post-eclosion), displaying dVGLUT (green) and TH
(magenta) mRNA co-expression in several DA neuron clusters. TH*/dVGLUT" cells were found
in PPL2 subclusters comprised of both PPL2ab and PPL2c. 4x scale bar=100um, 20x scale
bar=25um.
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Figure 2. Dynamic regulation of dVGLUT expression mediates sex-specific DA neuron
resilience.

(A) Schematic of the intersectional luciferase reporter to estimate dVGLUT expression in DA
neurons (dVGLUT>GAL4/LexAop>B3R;TH>LexA/UAS>B3RT-STOP-B3RT-Luciferase). Panel i:
The TH promoter drives LexA to express B3 recombinase (B3R) in TH* DA neurons. Panel ii:
B3R excises a transcriptional stop cassette within UAS>Luciferase. Panel iii: This excision
permits successful dVGLUT>GAL4-driven transactivation of UAS>Luciferase specifically in
TH*/dVGLUT" cells.

(B) Among adult flies (14d post-eclosion), control (Con) females exhibited higher baseline DA
neuron dVGLUT expression compared to males (p=0.048, Bonferroni multiple comparisons test).
5d exposure to 10mM paraquat significantly raised DA neuron dVGLUT expression compared to
3d exposure (p=0.047, Bonferroni multiple comparisons test). Luminescent DA neuron dVGLUT
reporter data were normalized to % untreated male and female controls. N=4-8 homogenates of
5 brains per group.

(C) Among older flies (60d post-eclosion), paraquat exposure (10mM, 12h) significantly raised DA
neuron dVGLUT expression compared to the vehicle-treated Con group (p=0.039, Bonferroni
multiple comparisons test). N=4-8 homogenates of 5 brains per group. Related analyses are
shown in Figure S1.

(D) Representative images showing dVGLUT (green) and TH (magenta) mRNA expression in
TH-driven Control (TH>GAL4/UAS>LexA-RNAi) and dVGLUT RNAi (TH>GAL4/UAS>dVGLUT-
RNAI) flies at 14d post-eclosion. Scale bar=10um. Related analyses are shown in Table S1.

(E) At day 2 of 10mM paraquat exposure, a genotype x paraquat interaction was observed in
male flies (4d post-eclosion) (left panel; F1202=10.3, p=0.0016, two-way ANOVA). Male TH-driven
dVGLUT RNA.: flies exhibited decreased locomotion in response to paraquat (p<0.001), but male
w8 wild-type control flies did not (p>0.05, Bonferroni multiple comparisons test). Female w''"®
wild-type and dVGLUT RNA.:i flies were not significantly affected by paraquat (right panel; p>0.05,
Bonferroni multiple comparisons test). N=50-67 flies per group.

(F) Representative projection images of GFP-labeled DA neurons in TH-driven Control
(TH>GAL4,UAS>GFP/UAS>LexA-RNAI) and dVGLUT RNAI
(TH>GAL4,UAS>GFP/UAS>dVGLUT-RNAI) brains (14d post-eclosion). Images are from
protocerebral anterior lateral (PAL, purple), protocerebral anterior medial (PAM, green) and
subesophageal ganglion (SOG, yellow) clusters. Scale bar=100um.

(G) There was no effect of paraquat exposure (10mM, 5d) on DA neuron number (p>0.05, three-
way ANOVA). There was a significant effect of dVGLUT RNAi on SOG DA neuron number
(F146=4.95, p=0.031, three-way ANOVA). N=4-8 per group.

*p<0.05, ***p<0.001; all data are plotted as MeantSEM.
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(A) Representative projection images of MitoTimer-labeled DAergic projections to the fan-shaped
body (FSB) of male and female dVGLUT RNAi flies (TH>GAL4,UAS>MitoTimer/UAS>dVGLUT-
RNAI) versus Control (TH>GAL4,UAS>MitoTimer/UAS>LexA RNAI) flies (14d post-eclosion).
Green and red fluorescent channels were overlaid to generate final images. All groups were
exposed to either paraquat (10mM, 5d) or vehicle control (OmM, 5d). Scale bar=25um.

(B) Paraquat exposure (10mM, 5d) significantly increased the MitoTimer red:green ratio in
DAergic projections to the FSB of male dVGLUT RNA. flies compared to vehicle (paraquat x sex
x RNAI interaction: F150=6.05, p=0.017, three-way ANOVA; male RNAi vehicle versus 10mM:
p=0.0049, Bonferroni multiple comparisons test). N=7-10 per group.

(C) Representative projection images of MitoTimer-labeled DAergic projections to the FSB of
adult male dVGLUT RNAI flies. Flies were exposed to 5d of either 10 mM paraquat, 10 mM
paraquat + antioxidant 3mM TEMPOL, or vehicle control. Scale bar=25um.

(D) Co-treatment with 3mM TEMPOL blocked paraquat-induced increases in the MitoTimer
red:green ratio in male RNAI flies (p=0.038, unpaired t-test). N=7-8 per group.

*p<0.05, **p<0.01; all data are plotted as Mean+SEM. See also Figures S2, S3 and S4.
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Figure 4. dVGLUT modulates activity-driven intracellular ATP and mitochondrial ROS
generation in DA neurons.

(A) Representative images of TH-driven iATPSnFr fluorescence (F) in DAergic projections to the
SOG of adult (14d post-eclosion) LexA RNAi (Control, full  genotype:
UAS>ATPSnFr/w'""®; TH>GAL4/UAS>LexA-RNAi) and dVGLUT RNAi (RNAi, full genotype:
UAS>IATPSnFr/w'""®; TH>GAL4/UAS>dVGLUT-RNAI) flies before and after 40mM KCI
stimulation. White circles highlight regions that feature differences in intracellular DA neuron ATP

levels during KCl-induced depolarization. Scale bar=25um.

(B) Quantification showed increased peak iIATPSnFr fluorescence (Peak AF/F;) in SOG DAergic
projections of RNAI flies (main effect of RNAI: F120=5.93, p=0.024, two-way ANOVA). N=4-7 per
group, *p<0.05. Additional analyses are shown in Figure S5.

(C) Regional differences in DA neuron baseline MitoTimer red:green ratio and iIATPSnFr peak
AF/F after KCl-induced depolarization were strongly correlated (r=0.998, p=0.034). N=4
genotype/sex groups compared for correlation analysis.

(D) Representative images of TH-driven MitoTimer labeling in DAergic projections to the SOG,
EB, and FSB of Control and RNA. flies before and after 40mM KCI treatment. Scale bars=25um.

(E) DA neuron dVGLUT RNAI knockdown increased mitochondrial ROS acutely in response to
40mM KCI stimulation compared to Control flies (KCl x RNAI interaction, SOG: Fs545=6.38,
p<0.001; EB: Fs543=6.63, p<0.001; FSB: Fs543=6.08, p<0.001, two-way ANOVA). **p<0.01,
***n<0.001 compared to baseline (pre-KClI), #p<0.05, #p<0.01, ##p<0.001 compared to Control
flies (Bonferroni multiple comparisons test). N=8-9 per group.

(F) Schematic showing that in DA neurons, dVGLUT decreases ATP levels during depolarization
and decreases mitochondrial ROS both during depolarization and in response to paraquat.
dVGLUT’s modulation of intracellular ATP and mitochondrial ROS accumulation may be due to
its impacts on: 1) cytoplasmic glutamate availability, enabling efficient glutathione production to
prevent toxic ROS accumulation, and 2) reducing levels of cytoplasmic DA available for oxidation
that contribute to ROS generation.

All data are plotted as Mean+SEM.
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Figure 5. RNAseq reveals differentially expressed genes in VGLUT-expressing DA neurons
conserved between flies and mice.

(A) Annotations of adult Drosophila brain 10X single-cell RNAseq (scRNAseq) data via Uniform
Manifold Approximation and Projection (UMAP) plots identified discrete clusters of dVMAT" DA
neurons. Expression of TH, DAT and dVGLUT across all 2,642 dVMAT-expressing cells is
represented, with highest expression shown in purple and lowest/no expression shown in gray.
Specific subpopulations of dVMAT*/TH*/DAT*/dVGLUT" cells are highlighted by red boxes.

(B) Volcano plot showing differential expression of genes in dVGLUT* DA neurons compared to
dVGLUT" DA neurons.

(C) Gene ontology (GO) analysis of Drosophila scRNAseq data identifying top pathways based
on differential gene expression in dVGLUT" DA neurons.

(D) Volcano plot showing differential expression of genes in mouse VGLUT2" DA neurons
compared to all DAT" DA neurons. Additional analyses relating to VGLUT2" DA neurons are
shown in Figures S6 and S7 and Videos S1 and S2.

(E) Schematic summarizing the mitochondrial findings from the comparative fly and mouse
RNAseq studies. These data revealed overall downregulation of genes implicated in mitochondrial
processes in both Drosophila dVGLUT® and mouse VGLUT2" DA neurons. This included
downregulation of mitochondrial ribosomal genes in mouse and overall downregulation of TCA
cycle genes in flies. Among the mitochondrial respiratory complexes in VGLUT2* DA, Complex |
gene expression was downregulated in both mice and flies, while Complex IV and ATP synthase
gene expression were specifically downregulated in mice.
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Figure 6. Forward genetic screens identify modulators of VGLUT-associated DA neuron
resilience.

(A) Flow chart depicting the process by which candidate genes were selected for forward genetic
screening.

(B) Primary paraquat screen: 187 candidate genes differentially expressed in TH*/VGLUT* DA
neurons were knocked down via RNAI. Adult (2d post-eclosion) male and female TH-driven RNAI
flies were exposed to either paraquat (10mM, 4d) or vehicle control. Paraquat-induced alterations
in locomotion over days 2-4 of exposure are plotted as % locomotion relative to each candidate’s
vehicle-treated control. For reference, TH-driven dVGLUT RNA. flies (orange dashed lines) were
tested alongside candidates. Average paraquat locomotion of 5 Bloomington Drosophila Stock
Center (BDSC)/Harvard Transgenic RNAI Project (TRiP) control lines tested are represented by
green dashed lines. Two screen hits that are orthologs of human genes with known roles in PD
are highlighted (i.e., dj-14, Tom20). N=3-37 flies per group; mean N=18 flies per group.

(C) GO pathway analysis of paraquat screen candidate hits.
(D) Secondary aSyn”*>*T screen: The top 32 candidate genes from the primary screen were
knocked down via TH-driven RNAI alongside TH-driven aSyn**®*" expression. aSyn***"-induced
changes in locomotion (at 4-6d post-eclosion) are plotted as % UAS Control. N=12-39 flies per
group; mean N=21 flies per group.

A53T

(E) GO pathway analysis of candidate hits from the aSyn™"" secondary screen.

Each candidate’s results in the screens along with control line results are shown in Table S5.
Further analyses of candidate genes are included in Figure S8. All data are plotted as MeantSEM.

70


https://doi.org/10.1101/2023.10.02.560584
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560584; this version posted July 10, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A mirr caup trh - qvAT T

10 DAT*/dVGLUT*

UMAP_2
°
|
)
UMAP_2
°
|
-
PP-3-
UMAP_2
°
|
" e

s Bareg.B . B .qg-0 § BA:g.B
10 10 10
O U 8]
15 15 15
-10 o 10 10 0 10 10 o 10
UMAP_1 UMAP_1 UMAP_1
ocC i-
0 10 D" 10 dl 1B
5 5 s : ;
- Izs « l” o~ 'gg
20 15
3’ i § 25" &
(1. S (] - C] H
: B0 . o .40 . 8320, B
v
10 -10 10
g O o

-
o
J

-
o
1

DA Neuron Numbe

Con mirr caup trh oc DIl dj-1B

r
*
*
*

-4

I ] R

i

N
S
10

* b
2185 »& af H& H: <h As
e . : ‘11 : "
3101 H
=z
<
n c T T T T T T T
Con mirr caup trh oc DIl dj-1p
PPM3 . PPM3  ,.d
§ 30 ] I
o :
32 "—_|
Z20. = 2 UEG = .
c = - - et o 5 -
o 2 AR FE && Al -
310- | H ﬂﬂ H
4
<
o c T T T L) T T T
PP 2 Con mirr caup trh oc DIl dj-1B
L
I:PLZ
8307 C Ak =
E | =
2204} :
c
e
3104
=
< n
oo

T T
Con mirr caup trh oc DIl dj-18



https://doi.org/10.1101/2023.10.02.560584
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.02.560584; this version posted July 10, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 7. Top candidate transcription factors impact DA neuron numbers in a region- and
sex-specific manner.

(A) UMAP plots showing expression of selected top candidates from primary and secondary
genetic screens in dVMAT-expressing cells. Highest expression levels are shown in purple and
lowest/no expression is shown in gray. dVMAT*/TH*/DAT*/dVGLUT" cells are highlighted by red
boxes.

(B) Representative images of GFP-labeled DA neurons demonstrating the impact of TH-driven
RNAI knockdown of top gene candidates and LexA RNAi control (Con) on DA neuron number
(14d post-eclosion) in the PAL, PPL2, PPM1/2 and PPM3 cell clusters. PAL, PPL2 scale
bars=100um, PPM1/2, PPM3 scale bars=250um.

(C) TH-driven RNAI of candidate genes mirr, trh, oc, and DIl differentially altered GFP-labeled DA
neuron numbers in region-specific and sex-specific manners compared to controls. N=5-21 fly
brains per group.

*p<0.05, **p<0.01, ***p<0.001, two-way ANOVA with Bonferroni multiple comparisons test. All
data are plotted as MeantSEM.
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Figure 8. dj-18 modulates sex differences in DA neuron dVGLUT expression.

(A) Representative images of DA neuron dVGLUT mRNA expression (in yellow); TH* DA neurons
are GFP-labeled (in green) in adult LexA RNAI control (Con) flies. DA neuron dVGLUT expression
is shown in the PPL1 and SOG (both T1 and lateral SOG dVGLUT-expressing DA neurons), in

contrast to the PAL and PPM3 DA neuron clusters. Scale bars=100um.
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(B) Quantification of DA neuron dVGLUT expression showed higher percentages of dVGLUT® DA
neurons in the PPL1 and SOG compared to other DA neuron clusters (Fs 168=3.59, p=0.0041, one-
way ANOVA). N=25-31 fly brains per group.

(C) Representative images of DA neuron dVGLUT mRNA expression in response to TH-driven
dj-14 RNAI (dj-1B); images focus on the PPL2ab cluster of GFP-labeled DA neurons from dj-14
RNAI flies exposed to 10mM paraquat (10d) or vehicle control.

(D) Quantification in the PPL2 DA neuron cluster showed a paraquat x sex x genotype interaction
(F163=4.29, p=0.043, three-way ANOVA) where TH-driven dj-14knockdown in males boosted the
percentage of DA neurons expressing dVGLUT compared to male Con flies (p=0.018, Bonferroni
multiple comparisons test). N=5-22 fly brains per group.

(E) Schematic summarizing mechanisms of dVGLUT-mediated DA neuron resilience. dVGLUT
expression protects DA neurons by decreasing ATP production and mitochondrial ROS levels,
which is reflected by lower mitochondrial gene expression in dVGLUT" DA neurons. Mitochondrial
oxidative stress vulnerability may also be lower in dVGLUT-expressing DA neurons due to
increased glutathione and decreased cytoplasmic DA oxidation. Additionally, vulnerability may be
impacted by differential expression of transcription factors that impact DA neuron development
and/or differentiation. Finally, during periods of cell stress, DA neuron dVGLUT expression is
raised as part of a neuroprotective response to accumulating mitochondrial ROS. This increase
in dVGLUT expression is triggered by the concomitant loss of dj-1p during periods of cell
stress/insult, particularly in males.

*p<0.05, **p<0.01, ¥p<0.05 compared to Con Male receiving Control food. All data are plotted as
Mean+SEM.
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Figure S1. Comparison of intersectional and non-intersectional global reporters of TH
expression, related to Figure 2.

(A) There was an age-related increase in DA neuron dVGLUT expression in older male and
female flies (60d post-eclosion) compared to young flies (2d post-eclosion) (Main effect of age:
F1,20=9.27, p=0.0064, two-way ANOVA). Luminescent DA neuron dVGLUT reporter data were
normalized to % young male and female controls. N=5-7 homogenates of 5 brains per group.

(B) Schematic detailing an intersectional luciferase reporter of TH expression in TH*/dVGLUT*
DA neurons (dVGLUT>LexA/LexAop>B3R;TH>GAL4/UAS>B3RT-STOP-B3RT-Luciferase).
Panel i: The dVGLUT promoter drives expression of the LexA transcriptional activator to
selectively express B3 recombinase (B3R) in dVGLUT" glutamatergic neurons. Panel ii: In
parallel, the TH promoter drives expression of the GAL4 transcriptional activator in TH* DA
neurons. Panels iii: In the subpopulation of TH*/dVGLUT" neurons where both B3R and GAL4
are co-expressed, B3R excises a transcriptional stop cassette within UAS>Luciferase. This
enables GAL4 transactivation to express luciferase, generating measurable luminescence.

(C) Schematic of the non-intersectional global luciferase reporter of TH expression across the
overall population of DA neurons (TH>GAL4/UAS>Luciferase).

(D) Quantification of luminescence produced by the non-intersectional global TH reporter showed
robust luminescence when driven in TH* DA neurons. There was negligible luciferase activity in
wild-type w''"® and undriven (UAS>Luciferase only) male and female control flies.

(E) In adult flies (14d post-eclosion), 10mM paraquat exposure did not significantly alter TH
expression in male or female TH*/dVGLUT" neurons using the intersectional TH reporter (p>0.05,
two-way ANOVA,; left panel) or across the overall DA neuron population via the non-intersectional
global TH reporter (p>0.05, two-way ANOVA,; right panel). N=6-9 homogenates per individual
reporter; each homogenate was composed of 5 brains.

(F) In aged flies (60d post-eclosion), 10mM paraquat-exposed males exhibited higher TH
expression in TH*/dVGLUT" neurons compared to females using the intersectional TH reporter
(main effect of sex: F147=4.11, p=0.048, two-way ANOVA,; left panel). In the broader DA neuron
population, there was a similar sex difference between males and females throughout exposure
groups (F144=16.44, p=0.0002, two-way ANOVA; middle panel) and paraquat exposure
decreased TH expression (F344=3.19, p=0.033, two-way ANOVA; Bonferroni multiple
comparisons test at 72h versus Con: p=0.015). Overall, DA neuron dVGLUT expression protected
against paraquat-induced decreases in TH expression (main effect of reporter: Fi99=7.66,
p=0.0067, two-way ANOVA; Bonferroni multiple comparisons test of intersectional TH reporter
versus non-intersectional TH reporter at 72h: p=0.019; right panel). N=4-10 homogenates per
group for individual reporters, N=8-20 homogenates for TH reporter comparison; each
homogenate was composed of 5 brains.

*p<0.05, **p<0.01, ***p<0.001; all data are plotted as Mean+SEM.
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Figure S2. Control line does not impact sex-specific and region-specific differences in
mitochondrial oxidative stress, related to Figure 3.

(A) Representative projection images of MitoTimer-labeled DAergic projections to the SOG, EB
and FSB regions in adult (14d post-eclosion) male and female brains (with green and red channels
overlaid) from the following control strains: TH>GAL4,UAS>MitoTimer/UAS>Luciferase
(Luciferase) and TH>GAL4,UAS>MitoTimer/UAS>LexA-RNAi (LexA RNAi) flies. Scale
bars=25um.

(B) There were significant differences in baseline MitoTimer red:green ratios based on brain
region (main effect of region: F»93=55.61, p<0.001, three-way ANOVA) and sex (main effect of
sex: F193=7.59, p=0.0071, three-way ANOVA) in the TH-driven Luciferase and LexA RNAI
controls. However, there were no effects of the respective control lines on the red:green ratios
(p>0.05, three-way ANOVA). N=8-10 per group.

(C) Representative projection images of MitoTimer-labeled DAergic projections to the SOG, EB
and FSB labeled by MitoTimer (with green and red channels overlaid) from adult male and female
Luciferase and LexA RNAI control flies exposed to either paraquat (10mM, 5d) or vehicle (OmM,
5d). Scale bars=25um.

(D) Quantification of MitoTimer red:green ratios demonstrated a main effect of paraquat in
DAergic projections to the FSB (F15s=4.52, p=0.038, three-way ANOVA), but no significant effects
of TH-driven Luciferase or LexA RNAI controls or interaction between controls and paraquat in
any brain region (p>0.05, three-way ANOVA). N=7-10 per group.

*p<0.05, **p<0.05, ***p<0.001; all data are plotted as Mean+SEM.
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Figure S3. Region-specific impacts of paraquat and H:0. on dVGLUT-mediated
mitochondrial oxidative stress in DAergic projections, related to Figure 3.

(A) Representative projection images of MitoTimer-labeled DAergic projections to the SOG and
EB in adult (14d post-eclosion) dVGLUT RNAi (RNAI) versus LexA RNAi (Control) male and
female flies; green and red fluorescent channels are overlaid. Flies were exposed to either
paraquat (10mM, 5d) or vehicle control (OmM, 5d). Scale bars=25um.

(B) Quantification of MitoTimer red:green ratios in DAergic projections to the SOG or EB revealed
no significant changes in response to paraquat (10mM) versus the vehicle control (OmM) in either
males or females (p>0.05, three-way ANOVA). N=7-10 per group.

(C) Representative projection images of MitoTimer-labeled DAergic projections to the SOG, EB
and FSB from adult male and female RNAi or Control flies exposed to either H.O2 (3%, 2d) or
vehicle (0%, 2d). Scale bars=25um.

(D) Quantification showed a main effect of H.O2 on the MitoTimer red:green ratio in DAergic
projections to the SOG (F153=12.38, p<0.001, three-way ANOVA). There was also a significant
increase in the MitoTimer red:green ratio in male RNA.: flies after 3% H202 exposure in DAergic
projections to the FSB (H20: x sex x RNAI interaction: F153=12.84, p<0.001, three-way ANOVA;
p<0.001, Bonferroni multiple comparisons test). N=6-10 per group.

*p<0.05, ***p<0.001, *p<0.05 versus male RNAI control; all data are plotted as Mean+SEM.
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Figure S4. Impacts of aging and TEMPOL on mitochondrial oxidative stress in DA neurons,
related to Figure 3.

(A) Representative projection images of MitoTimer-labeled DAergic projections to the SOG, EB
and FSB (with green and red channels overlaid) in brains of male and female DA neuron dVGLUT
RNAi (RNAi) and LexA RNAi (Control) flies across aging (2d, 14d, 60d post-eclosion). Scale
bars=25um.

(B) Quantification of the MitoTimer red:green ratio showed regional differences that significantly
increased with age (age x brain region interaction: F4281=11.5, p<0.001, two-way ANOVA). Bars
display merged data of both sexes and genotypes.

(C) Age-related increases in MitoTimer red:green ratio were observed in the EB (main effect of
age: F284=15.51, p<0.001, three-way ANOVA) and FSB (main effect of age: F2,84=22.34, p<0.001,
three-way ANOVA), but not in the SOG (p>0.05, three-way ANOVA). N=7-10 per group.

(D) Representative projection images of MitoTimer-labeled DAergic projections to the SOG, EB
and FSB (with green and red channels overlaid) from adult control flies (14d post-eclosion)
exposed to either TEMPOL (3mM, 5d) or vehicle (OmM, 5d). Scale bars=25um.

(E) TEMPOL significantly decreased MitoTimer red:green ratio in Control flies (main effect of
TEMPOL: F4,76=7.79, p=0.0066, three-way ANOVA). N=5-10 per group.

(F) Representative projection images of MitoTimer-labeled DAergic projections to the FSB.
Accompanying quantification of the MitoTimer red:green ratios showed that co-treatment of H.O>

(3%, 2d) with TEMPOL (3mM, 2d) significantly reduced H.O--induced increases in MitoTimer
red:green ratio in male RNA. flies (p=0.0024, unpaired t-test). Scale bar=25um. N=7-8 per group.

*p<0.05, **p<0.01, ***p<0.001; all data are plotted as Mean+SEM.
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Figure S5. Neuronal depolarization increases intracellular ATP levels in DAergic
projections to the EB and FSB, related to Figure 4.

(A) Quantification of TH-driven iATPSnFr fluorescence changes (AF/F)) in the SOG before and
after 40mM KCl-induced depolarization.

(B) Representative images of TH-driven iIATPSnFR fluorescence in DAergic projections to the EB
before and after 40mM KCl-induced depolarization. There was no significant effect of DA neuron
dVGLUT RNAIi on iATPSnFR AF/F; in response to 40mM KCl-induced depolarization (p>0.05,

two-way ANOVA). Scale bar=25um. N=5-7 per group.
(C) Representative projection images of TH-driven iATPSnFR fluorescence in DAergic projections
to the FSB before and after 40mM KCl-induced depolarization. There was no effect of dVGLUT

RNAI on iATPSnFR AF/F; during 40mM KCI depolarization (p>0.05, two-way ANOVA). Scale
bar=25um. N=4-7 per group.

All data are plotted as Mean+SEM.
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Figure S6. Sex-specific and mitochondria-focused RNAseq analyses, related to Figure 5.

(A) Gene ontology (GO) enrichment analyses of RNAseq data and volcano plots showing
differential expression of genes in dVGLUT® DA neurons compared to dVGLUT" DA neurons in
male and female Drosophila. GO analyses showed similar pathway enrichments in male and
female TH*/dVGLUT" DA neurons, with stronger upregulation of synaptic transmission pathway
genes in males and stronger downregulation of oxidative phosphorylation pathway genes in
females.

(B) Mitochondria-focused analyses showed genes involved in oxidative phosphorylation and
mitochondrial respiratory complex | were downregulated in Drosophila dVGLUT* DA neurons.

(C) Downregulation of mitochondrial genes was especially prominent in female flies.

(D) GO analyses of mouse RNAseq data showing upregulated and downregulated pathways
based on differential gene expression in TH*/VGLUT2" DA neurons.

(E) Genes involved in oxidative phosphorylation and mitochondria respiratory complex | were
downregulated in mouse TH*/VGLUT2" DA neurons, analogous to Drosophila.

(F) Hypergeometric Optimization of Motif EnRichment (HOMER) analysis identified differentially
enriched transcription factors and their respective motifs in mouse TH*/VGLUT2" DA neurons.
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Figure S7. Intersectional genetic imaging of TH'/VGLUT2"* DA neurons in mouse brain via
INTRSECT2.0, related to Figure 5, Video S1, Video S2.

(A, B) INTRSECT2.0 intersectional genetic labeling of the TH*/VGLUT2" subpopulation of VTA
DA neurons in whole cleared mouse brain via multicolor ribbon scanning confocal microscopy.
TH*/VGLUT2" DA neurons were EYFP-labeled (in yellow), while TH*-only DA neurons were
mCherry-labeled (in red).

(A) Top Panel: A 2D projection overview of the raw imaging data according to the individual
TH*/VGLUT2" and TH+-only channels alongside the merged channel. The white box indicates
the midbrain region. Middle Panel: Magnified views of the midbrain, highlighting INTRSECT2.0-
labeled cell bodies. Bottom Panel: 2D projection images highlighting neuronal projections of the
INTERSECT2.0-labeled cell bodies throughout the brain.

(B) Left panel: Quantification of INTRSECT2.0-labeled TH*/VGLUT2" (yellow bars) and TH*-only
(red bars) cell bodies. Middle panel: Quantification of TH*/VGLUT2" (yellow bars) projections
according to brain region. Right panel: Quantification of TH* (red bars) projections according to
brain region. Abbreviations: Isoctx (Isocortex), HPF (hippocampal formation), STR (striatum), TH
(thalamus), HY (hypothalamus), MB (midbrain), P (Pons), MY (myelencephalon), CB
(cerebellum).
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Figure S8. Genetic screen control experiments and survival curves, related to Figure 6.

(A) Locomotion in adult male and female control w''"®flies (N=16-21 flies per group) compared to
TH-driven dVGLUT RNAIi (TH>GAL4/UAS>dVGLUT-RNAI) flies (N=15-16 flies per group) during
days 2-4 of either vehicle or 10mM paraquat exposure. A sample size of 16 flies per group was
sufficient to detect locomotor vulnerability to paraquat (p=0.048, Bonferroni multiple comparisons
test).

(B) Locomotion of the 10 control lines tested at day 2 versus day 4 of either vehicle or 10mM
paraquat exposure; the respective mean locomotor counts over a 24h period are displayed for
each line. There was a significant decrease in locomotion at day 4 of paraquat exposure
compared to day 2 in male control lines (p=0.031, Bonferroni multiple comparisons test), but not
in female control lines (p>0.05, Bonferroni multiple comparisons test). N=10 control lines per
group, 15-33 flies per genotype.

(C) Comparison of locomotion during days 2-4 of paraquat or vehicle exposure of all analyzed
TH-driven Bloomington Drosophila Stock Center (BDSC) RNAI lines and Vienna Drosophila
Resource Center (VDRC) RNAI lines. There was a significant effect of fly repository source
(Vehicle: F136=10.32, p=0.0014; Paraquat: F136=7.53, p=0.0064, three-way ANOVA), but no
interaction between line source and presence of RNAIi (p>0.05, three-way ANOVA). N=39-138
RNAI lines per group, 3-37 flies per each line.

(D) Locomotion of adult TH-driven dVGLUT RNA. flies (18-20d post-eclosion) alongside three
control lines + TH-driven aSyn**T expression. Results are represented relative to early adult
locomotion (4-6d post-eclosion). Males were more vulnerable to age-related decreases in
locomotion than females (F1398=93.61, p<0.001, three-way ANOVA). A three-way interaction was
also observed (F3,398=5.75, p<0.001). DA neuron dVGLUT RNAIi knockdown rendered male flies
more vulnerable to age-related locomotor decreases, while female dVGLUT RNAi flies only
became vulnerable with aSyn”**T overexpression in DA neurons. *p<0.05, #p<0.001 versus
w8 &8n<0.01 versus UAS>Luciferase, ¥¥¥p<0.001 versus UAS>Luciferase, **%p<0.001 versus
UAS>LexA-RNAi (Bonferroni multiple comparisons test). N=15-43 flies per group.

(E) Locomotion between RNAI fly lines in response to TH-driven aSyn*>3"
no significant effects of fly repository source on locomotor response to DA neuron aSyn
expression in either control or RNAi lines (p>0.05, two-way ANOVA). N=9-24 lines per group, 12-
39 flies per line.

expression. There were
A53T

(F) Venn diagram of candidate hits tested in the secondary aSyn***" screen; the screen

candidates are divided according to their outcome in the secondary screen and their biological
functions (i.e., transcription factors, mitochondrial function/ROS). Asterisks denote significant hits
in the secondary aSyn”*T screen after correcting for fly repository source (BDSC, VDRC) but
prior to false discovery rate adjustment (p<0.05, g>0.05).

*p<0.05, **p<0.01, ***p<0.001; all data are plotted as Mean+SEM.
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Supplementary Tables

Table S1. RNAscope quantification of dVGLUT RNA.i related to Figure 2.
Table S2. Drosophila single-cell RNAseq raw data, related to Figure 5.
Table S3. Mouse bulk RNAseq raw data, related to Figure 5.

Table S4. Drosophila candidate RNAI lines and lethality, related to Figure 6.

Table S5. Primary and secondary locomotor screen results and quantification, related to
Figure 6.

Table S6. Tertiary DA neuron dVGLUT expression screen GFP cell counts and dVGLUT
mRNA quantification, related to Figures 7 and 8.
Supplementary Videos

Video S1. Whole mouse brain imaging of VGLUT2® (Green) and VGLUT2 (Red)
INTRSECT2.0-labeled DA neuron subpopulations, related to Figure 5.

Video S2. Identification of VGLUT2" (Yellow) and VGLUT2 (Red) INTRSECT2.0-labeled
DAergic cell bodies and projections, related to Figure 5.
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